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Format of Thesis 

This thesis is prepared in 7 chapters including published and under preparation publications. 

The first chapter provides an introduction on cancer and metastasis along with the role of 

Circulating Tumour Cells (CTCs) in the spread of cancer. In the second chapter an in-depth 

literature review on the current technologies enabling single cell analysis of CTCs. 

Furthermore, chapter 3 focuses on rapid microfabrication of microfluidic devices that can 

enable single cell encapsulation for analysis of CTCs where the clinical sample is often limited 

and number of CTCs are extremely rare. In chapter 4, a new methodology was introduced to 

capture single CTCs via a static droplet microfluidic device and retrieving them through rapid 

freezing of the chip for downstream molecular analysis. This enables rapid, low-cost and 

simple characterisation of CTCs to improve the accessibility of such single-cell analysis 

devices. In chapters 5, methods and tools were developed for characterising viable single CTCs 

based on their metabolic profile. The ability to distinguish single CTCs based on their lactate 

production can propose a new and reliable biomarker that would directly correlate with 

patients’ disease conditions. Finally, in chapter 6 we explore the relation between the 

metabolic activity of cancer cells with their epithelial-mesenchymal transition status which is 

known to be a key principle for spread of cancers in the body of patients. An overall summary 

is provided in Chapter 7 with an insight on potential future works needed to translate the 

proposed devices and methodologies in clinical settings.   
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DAPI and anti-CK antibodies.  

Figure 4.2 – The SDA device performance for trapping cells. (a) & (b) Single-cell capturing rate 
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injection. (c) Device performance tested with MCF-7 and THP-1 cell lines, in a 1:100 ratio (92 

single cell were trapped). The green circles on traps were drawn manually to indicate the 

position of cells. 5 traps were shown with higher magnification for better illustration of the 
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under oestrogen deprivation and untreated conditions, B) Quantitative analysis of metabolic 

activity of oestrogen deprived and normal MCF-7 cells using the SDM device. C) Comparing 
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shows DAPI and brightfield channels overlaid of the active droplet that contains a single 

cancer cell stained with DAPI antibodies. The corresponding intensity graph indicating only 

one active droplet. 

Figure 5.8 – Pre-clinical validation via detection of circulating cancer cells in the blood of 

mouse models. A) The workflow used for handling and processing mouse models of 67NR 

(non-metastatic syngeneic model), 4T1.2 (metastatic syngeneic model) and MMTV-PyMT 
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mouses. 

Figure 6.1 – In Silico Study of Breast Cancer Cell Lines and Patients. A)  Comparison of 7 lactate 

related genes of SLC16A2, SLC16A3, SLC16A4, SLC16A7, SLC16A1, LDHB and LDHA across over 

40 breast cancer cell lines along with their epithelial mesenchymal transition (EMT) score. B) 

Statistical analysis of the 7 lactate related genes and perform a Gene Set Enrichment Score 

(GSVA Score) across four subtypes of breast cancers. C) Hallmark of oestrogen response 

across early and late stages of breast cancer compared with the hallmark of epithelial-
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mesenchymal transition. D) GSVA score of the lactate associated genes with EMT pathway. E) 

Single cell genomic data analysed based on different classification of PAM50, cancer type, 
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Abstract 

A biopsy is a medical procedure to remove a small tissue sample from a suspicious area to be 

examined for a disease or condition such as cancer. The biopsy procedure, although providing 

valuable and detailed information on a patient's condition at a cellular level, is often invasive 

and requires surgery, resulting in discomfort and pain for the patient. Additionally, accessing 

deep-seated tissues in the body (e.g., liver and lungs) may not be possible in certain 

circumstances which leads to difficulties in the diagnosis and treatment of patients.  

Advancements in biotechnologies and the emergence of novel tools for the characterisation 

of cells at single cell resolution have enabled the potential of disease diagnosis through the 

detection of circulating rare cells in the body fluids such as blood and lymphatic fluid, known 

as liquid biopsy. Detection of rare cells has been shown to enable the diagnosis and prognosis 

of many cancers, prenatal diagnosis, and diagnosis of viral infections. Additionally, liquid 

biopsy is far less invasive than traditional biopsies that can be taken repeatably which can 

enable monitoring of the patient's conditions and treatment outcomes. However, the 

extreme rarity of these circulating cells among peripheral blood cells has limited their use as 

a biomarker in clinical settings. Current techniques to identify, isolate and analyse the rare 

cells are extremely laborious and costly,  requiring specialised equipment along with skilled 

operators. 

This thesis presents the development of microfluidic tools for characterization and analysis of 

circulating rare cells at single-cell resolution, with a focus on clinical implementation. By 

utilising capillary forces, self-driving static droplet microfluidic devices were developed to be 

capable of fractionating blood samples and isolating single circulating rare cells. The devices 

feature sub-nanolitre chambers that allow self-isolation of single-cells where they can be used 

for multi-modal single-cell analysis in confined liquid volume. Firstly, a workflow was 

developed to perform single-cell molecular studies on circulating rare cells using common 

laboratory equipment. Furthermore, a detailed study on cell metabolism was conducted to 

investigate the potential use of lactate production as a biomarker for distinguishing cancer 

cells from peripheral blood cells by leveraging the miniaturisation effect of the static droplet 

microfluidic devices. The tools and methods were validated using healthy human blood and 

preclinical mammary mouse models, along with a MATLAB-based program that was 
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developed to automate the droplet analysis process and minimise human error. Lastly, the 

correlation of lactate production and the epithelial-mesenchymal transition (EMT) state of 

cells was explored as a potential biomarker for understanding the patient's disease state. 
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Chapter 1 – Introduction 

The introductory chapter of this thesis provides a detailed examination of various aspects 

critical to the field of rare cell analysis and circulating tumour cells. Initially, it explores the 

concept of cellular heterogeneity, underscoring its biological importance and the implications 

of cellular variation within the same tissue or organism on cellular studies. This is followed by 

an in-depth discussion on cell separation methodologies and their applications across 

multiple biological disciplines, including immunology, cancer research, and stem cell research. 

Further, the thesis delves into the significance of rare cells, discussing their defining 

characteristics and the vital role they play in disease diagnostics, treatment, and the broader 

understanding of biological processes. An encompassing overview of cancer is then 

presented, detailing its causes, types, and the underlying cellular mechanisms that lead to its 

development. The chapter also addresses the complex phenomenon of cancer metastasis, 

with a particular focus on the role of circulating tumour cells. This section elucidates how 

these cells contribute to the spread of cancer and their significance in the study of metastatic 

processes. Overall, this introductory chapter aims to lay a solid foundation of understanding, 

setting the stage for a more detailed and specific exploration of these topics in the subsequent 

sections of the thesis. 

1.1 Cellular Heterogeneity  

The study of cell populations at single-cell resolution and understanding the cellular 

heterogeneity among them can reveal important information regarding different cell types, 

functionality, conditions and circuits via genomic, transcriptomic, proteomic and 

metabolomic analysis [6, 7]. Single-cell analysis can provide insights on healthy and diseased 

behaviours of individual cells that otherwise would have been masked by bulk averaging 

which can play a crucial role in precision diagnostics and therapeutics [8]. Among different 

analysis types, single-cell genomic and transcriptomic analysis, has drawn the most attention 

in the past decade due to its capabilities in discovering cellular information [9]. Typically, 

single-cell genomic and transcriptomic analysis involves isolation and lysis of single cells to 

extract, amplify and barcode the DNA/RNA of each cell individually. For RNA analysis, an 

additional step of reverse transcribing is needed to create complementary DNA (cDNA) due 

to the unstable nature of RNAs [10]. 
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Figure 1.2 – Example of rare cells and resident material. Three typical example of rare cells include 

circulating tumour cells, stem cells and foetal cells which often can be found in bone marrow, 

peripheral blood, urine and/or lymph system. 

 

1.4 Overview of Cancer 

Cancer is a group of diseases characterized by the uncontrolled growth and spread of 

abnormal cells that can occur in any organs of the body. The cause of cancer is yet not fully 

understood, but it is thought to be the result of a combination of genetic and environmental 

factors [21]. Cancer can be treated using a variety of methods, including surgery, 

chemotherapy, radiation therapy, and targeted therapies which strongly depend on 

type/stage of the disease, along with the patient's overall health and preferences [22]. 

Despite advances in cancer treatment, the disease is still a leading cause of death worldwide 

[21]. Early detection and prevention are key to reducing the mortality rate from cancer. In 

addition to the physical and emotional toll of cancer, the disease also has a significant 

economic impact. According to the World Health Organization, cancer was responsible for 

nearly 10 million deaths in 2020 [23], with a global economic burden of over 1.16 Trillion 

Dollars [24]. Overall, cancer is a complex and serious disease that requires ongoing research 

and efforts to improve prevention and treatment. While progress has been made in 

understanding and managing cancer, it remains a significant public health challenge.  

Early detection and prevention are key to reducing the mortality rate from cancer. Some ways 

to reduce the risk of developing cancer include avoiding tobacco and other carcinogens, 

getting vaccinated against certain infectious diseases, practicing safe sex, maintaining a 

healthy diet and exercise routine, and getting regular screenings for certain types of cancer. 

Overall, cancer is a complex and serious disease that requires ongoing research and efforts to 

improve prevention and treatment. While progress has been made in understanding and 

managing cancer, it remains a significant public health challenge. 

 

1.5 Cancer Metastasis & Role of Circulation Tumour Cells 

Among the hallmarks of cancer, the final step of the disease is generally the progression to 

metastatic cell dissemination and colonisation of distant organs, a process that accounts for 
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and survival rate [30, 31]. Overall, management of cancer via assessment of CTCs in blood 

samples is far less invasive than taking tissue biopsies, allowing repetitive sampling and 

monitoring patients’ responses to treatments [32]. However, CTCs are exceedingly rare 

compared to peripheral blood cells, such that one CTC can exist among billions of blood cells 

[33]. Although erythrocytes can be removed simply by osmotic cell lysis, leukocytes share 

common physical, chemical and biological properties with CTCs [34]. Hence, isolation and 

characterisation of enriched CTCs are proven to be a tedious task [35-39]. 

 

1.7 Thesis Overview 

This thesis has been focused on developing low-cost, versatile and simple tools for isolation 

and analysis of rare cells. The primarily challenge with analysis of rare cells in clinical settings 

is the reliance on sophisticated technologies that are time consuming and require highly 

skilled operators. The overall aim of this research project was to provide and suggest simple 

solutions that would be operated via common laboratory equipment without high level 

training/skills. 

Throughout this thesis, first an in-depth literature review is provided in Chapter 2 with a focus 

on technologies for enrichment and single cell analysis of CTCs. Major limitations and 

potential future perspective in the field is discussed in detail. Furthermore, Chapters 3 and 4 

focus on development of a static droplet microfluidic device that enables encapsulation of 

CTCs for molecular analysis at single cell resolution. Chapters 5 and 6 focus on development 

of a tool for detection and quantifying metabolic activity of CTCs, including a programming 

approach for rapid quantification of droplets based on their fluorescent intensities. Following 

to that, in Chapter 7, the correlation between Epithelial-Mesenchymal Transition (EMT) and 

lactate metabolic activity of cancer cells was studied to explore the potential using single-cell 

lactate production of cancer cells as a biomarker for diagnosis and prognosis of cancer. Lastly, 

Chapter 8 provides a conclusion on the key findings of this project along with a perspective 

on the future works on clinical implication of the proposed devices/workflows.  
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1.8 Hypothesis and Aims 

In this thesis, I propose that integration of microfluidics with current single-cell analysis 

workflows can lead to development of a low cost and handheld platform for studying rare 

cells at single cell resolution. Particularly, miniaturisation technologies such as droplet 

microfluidics can facilitate absolute sample purification, significantly higher effective 

concentration and consequently lower limit of detection. Additionally, the technology can be 

used to further validated biological assays and state of cancer cells with their epithelial 

mesenchymal transition state. As an example, Figure 1.4 illustrates the importance of 

miniaturisation and its effect on sample purification to lower the limit of detection.  

Figure 1.4 – Importance of Miniaturisation. Sample miniaturisation into tiny droplets in contrast to 

bulk analysis can facilitate a lower limit of detection through sample purification and increasing the 

effective concentration.  

However, majority of current droplet technologies are mainly focused on processing high 

number of cells with a high throughput; therefore, they are unable to process low input 

sample such as clinical specimen and rare cells (e.g., CTCs). Also, they are extremely costly 

and require special equipment which limits their accessibility to general research laboratories. 

Microfluidics is the science of handling tiny amount of liquid and can be employed to process 

and isolate individual cells based on their size, deformability, and shape for downstream 

analysis (Figure 1.5).  
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Aim 2: Single-Cell Molecular Analysis of Single Circulating Tumour Cells. The second aim of 

this thesis was focused on conducting molecular analysis on single circulating tumour cells. A 

workflow and a microfluidic device were developed for cell handling, followed by transferring 

cell to a well for DNA and RNA analysis of single cells in a non-labour-intensive manner, with 

near no cell loss for using handheld laboratory pipette. Throughout this aim, two approaches 

for cell lysis and transfer of cell lysate (molecular content) were explored which was followed 

by quantitative PCR and droplet digital PCR. This aim was covered in Chapter 4. 

Aim 3: On-chip Culturing and Metabolomic Screening of Circulating Tumour Cells. Analysis 

of circulating tumour cells on-chip has been the next challenge addressed in this thesis. The 

ability to encapsulate single circulating tumour cells inside sub-picolitre individual droplets 

followed by metabolomic screening. It was successfully shown that excessive lactate 

production of single cancer cells inside picolitre droplets can result in rapid acidification of 

the medium and hence was utilised as a label-free biomarker to detect circulating tumour 

cells. This aim was covered in Chapter 5.  

Aim 4: Identifying Lactate Secretion Level of Cancer Cells as a potential biomarker of 

Epithelial-Mesenchymal Transition state. As the final aim of this thesis, by leveraging the 

devices and workflows that were developed in the previous aims, the lactate production level 

of single cancer cells was explored to be used as a potential biomarker for classifying the 

Epithelial-Mesenchymal Transition (EMT) state of the cells. EMT is a key step in the metastasis 

of cancers. The potential to classify the EMT state of the cancer cells in a simple and label-

free manner can lead to novel approaches for detection and management of cancer patients. 

This aim was covered in Chapter 6 of this thesis.  

 

 

  



   
 

30 
 

Chapter 2 – Literature Review 

Summary 

This chapter provides an overview on the technologies used for single cell analysis of 

circulating tumour cells along with a detailed perspective on benefits and shortcomings 

involved with the use of each technology. Multimodal analysis of circulating tumour cells 

(CTCs) has the potential to provide remarkable insight for cancer development and 

metastasis. CTCs and CTC clusters investigation using single-cell analysis, enables researchers 

to gain crucial information on metastatic mechanisms and the genomic alterations 

responsible for drug resistance, empowering treatment, and management of cancer. Despite 

a plethora of CTC isolation technologies, careful attention to the strengths and weaknesses 

of each method should be considered in order to isolate these rare cells. Here, we provide an 

overview of cutting-edge technologies used for single-cell isolation and analysis of CTCs. 

Additionally, we highlight the biological features, clinical application, and the therapeutic 

potential of CTCs and CTC clusters using single-cell analysis platforms for cancer management. 

This chapter has been published as a review article in the journal of Trends in Biotechnology 

(Cell Family) *. 

 

 

 

 

 

 

 

*Radfar, P., Es, H. A., Salomon, R., Kulasinghe, A., Ramalingam, N., Sarafraz-Yazdi, E., ... & 

Warkiani, M. E. (2022). Single-cell analysis of circulating tumour cells: enabling technologies 

and clinical applications. Trends in Biotechnology. DOI: 10.1016/j.tibtech.2022.02.004.  

https://doi.org/10.1016/j.tibtech.2022.02.004
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2.1 Importance of analysing CTCs 

Cancer cells are extremely heterogeneous, and this inherent property appears to be one of 

the main challenges in shifting the current paradigm towards improving cancer treatment. 

Among the hallmarks of cancer, metastasis leads to greater than 90% of cancer-related deaths 

[25]. In recent years, our understanding of the molecular alterations that drive tumour 

progression and metastasis have improved, which has revolutionized the clinical 

management of solid tumours towards a more personalized approach. Identifying genomic 

drivers of cancer initiation and progression has led to the clinical development of a new 

generation of therapeutic agents, known as targeted therapies. These drugs often target gene 

products controlling cancer cell proliferation and other survival mechanisms. However, these 

targeted therapies often lead to therapeutic resistance by the development of mutations in 

oncogenes or activation of bypass signalling pathways [15]. The longitudinal monitoring of 

patients’ response to a targeted therapy using repeated tissue biopsies is invasive and often 

impossible due to the size and location of tumours.  

An alternative approach involves the analysis of circulating tumour cells (CTCs), including 

single cells and clusters of cells. CTCs refer to the population of cancer cells in the blood 

circulation, released from primary or metastatic tumours (Figure 2.1) [40]. While it has been 

proven that CTCs have a short half-lives [41], it is clear that a small number of these can 

eventually initiate new metastases [27, 42-44]. The genome-wide single-cell RNA-seq and 

DNA-seq performed on CTCs have provided new insights into CTC heterogeneity and 

mechanisms of therapeutic resistance to targeted therapies among patients with solid 

tumours [45]. A significant number of review articles has been published around CTC analysis, 

discussing the clinical importance and implications of CTCs [46-48]; however, the technical 

consideration of CTC and CTC cluster analysis have not yet been discussed. In this review, we 

describe the recent advancements of technologies developed for single-cell analysis, 

comprehensively discussing the advantages and disadvantages of each approach for analysis 

of individual and clustered CTCs. Additionally, we highlight the clinical application of single-

CTC and CTC cluster analysis in monitoring targeted therapy response in cancer patients 

towards personalised medicine. 
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2.2 Cellular and molecular features of CTCs 

Phenotypic variation amongst CTCs suggests that specific subpopulations of CTCs exist, and 

this variation may impart differential metastatic potential [45, 49]. Numerous studies have 

discovered the link between epithelial-mesenchymal transition (EMT) and the acquisition of 

stemness properties in various cancers [50, 51]. Interestingly, the expression of EMT-related 

and stem cell markers, including but not limited to CD44 and Vimentin, have been identified 

in a sub-population of CTCs with the mesenchymal state indicating the existence of cellular 

heterogeneity among CTCs [49, 52, 53]. For instance, both early- and metastatic-stages of 

breast carcinoma show an increased number of CTCs with a mesenchymal phenotype [15]. In 

pancreatic ductal carcinoma (PDAC), single-cell RNA-seq analysis of CTCs identified a loss of 

epithelial markers E-cadherin and mucin-1 compared to the primary tumour. Remarkably, the 

expression of pancreatic stem cells markers, ALDH1A1 and ALDH1A2 in CTCs did not correlate 

with the EMT status, suggesting that EMT and stemness may not be linked in this pancreatic 

cancer model and thus may follow a tissue-dependent pattern [54]. In addition to these 

findings, a number of studies have highlighted the role of CTCs in presenting an immune 

escape mechanism from the body’s immune surveillance by the expression of the immune 

checkpoint protein programmed death-ligand 1 (PD-L1) detected on both single and clustered 

CTCs from various types of cancer, including lung and head and neck carcinoma [55-58]. These 

studies highlight how CTC PD-L1 expression may provide a proxy for determining tumour PD-

L1 expression, and a measurement for predicting immunotherapy response in these cancer 

types [58, 59].  

The number of CTCs in the blood depends on different factors, such as caner type and disease 

status. However, estimates suggest that CTC counts often range between 1 and 100 for every 

107 white blood cells [33]. While detecting CTCs is challenging due to rarity of them, 

phenotypic (i.e., size) and biological attributes (i.e., cell surface protein expression) can be 

utilised to enrich and eventually isolate CTCs among other peripheral blood cells.  

Box 2.1 provides further information on CTC enrichment approaches. Although each 

enrichment technique has its own advantages and shortcomings, high contamination of 

background cells in the enriched sample and false depletion of target cells remain as the main 

challenges during the CTC enrichment process [60]. The high contamination of unwanted cells 



   
 

33 
 

in the CTC enriched samples leads to challenges for analysis of CTCs [61]. Thus, often an 

additional step of single-cell isolation is required to study CTCs individually [5]. 

 

2.3 Understanding tumour heterogeneity using genomic analysis of CTCs 

Whilst CTC enumeration has prognostic value, molecular characterisation and functional 

testing of captured CTCs can lead to a better understanding of the disease state and potential 

treatment options [62]. CTCs are often heterogeneous and understanding them at single-cell 

resolution reveals unique information that is normally masked by bulk/pooled analysis of the 

samples [47]. Recent studies on single CTCs discovered key insights on the clonal and dynamic 

evolution of CTCs in response to therapies [63]. For instance, a diagnostic leukapheresis 

approach identified tumour heterogeneity by analysing CTCs derived from prostate cancer 

patients [64]. This method allows the analysis of hundreds of CTCs and the identification of 

sub-clonal copy-number variations (CNVs) that were not easily distinguished in bulk analyses 

of tumour biopsies [64]. In another example, in multiple myeloma cancer patients, similar 

clonal profiles were observed between bone-marrow-derived cancer cells and isolated CTCs, 

with discordances restricted to sub-clonal mutations [17]. It has been found that the mutation 

spectrum and mutation burden of CTCs and other overt metastases closely resemble regions 

of the primary tumour known as the metastasis-initiating area [54].  

However, the benefit of molecular analysis of CTCs for the study of tumour heterogeneity 

remains controversial due to the low number of isolated CTCs [47]. Various groups have 

attempted to address this issue with the use of pooled CTC samples for molecular analysis. 

Recently, a comprehensive CTC profiling of a panel of 130 genes was performed using 

individual and pooled CTCs derived from metastatic breast cancer patients [65]. Comparing 

their metastatic tissue counterparts revealed 85% concordance between individual and 

pooled samples in at least one or more recurrent somatic mutations and copy number 

aberration [65]. The presence or absence of CTCs can be further used to unravel the molecular 

pathways activated or altered during the tumour and metastasis evolution process. For 

example, distinct gene expression signatures have been found for breast and lung carcinoma 

from patients with and without CTCs in the blood or disseminated tumour cells in the bone 
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marrow [66]. Indeed, profiling CTCs from breast cancer patients at the single-cell level showed 

remarkable intra-patient heterogeneity in the expression of cancer-associated genes [67, 68]. 
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to isolate and deposit single-cells into wells, Laser Capture Microdissection (LCM) that takes advantage 
of the energy of the laser beam to detach  the cell of interest from a slide. Micro-engineering devices 
include; hydrodynamic traps that utilise fluidic resistances to trap cells, integrated fluidic circuits that 
features digital valves that handles cells for analysis, droplet generation which encapsulates cells and 
a barcoded bead through liquid-in-oil segmentations, static droplets that fractionates liquid using 
capillary forces, nano(micro)-wells which isolates single cells inside nanolitre sized wells that can be 
used to isolate cell and Dielectrophoresis (DEP) and Optofluidic devices combine microfluidics with 
microelectronics and optics, respectively, to precisely manipulate cells of interest. Created with 
Biorender. 
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Table 2.1 Detailed comparison between most commonly used single-cell isolation techniques and how they relate when dealing with CTC analysis. 

 

*FACS: Fluorescent Activated Cell Sorting 

** LCM = Laser Capture Microdissection 

 

 Micro-Manipulation FACS* Droplet Generators Nano-Wells Dielectrophoresis & 
Optofluidics 

Limited 
Dilution LCM** 

Capture Efficiency High Moderate-High Moderate Moderate-High High Low High 

Doublet Rate 
Low 
Depending on Operator’s skills and/or 
concentration of cells on the imaging slide 

Low 
 
Related to Sort Mask 
 

Low-Moderate 
 
Related to the Loading Concentration 

Low-Moderate 
 
Related to the Loading Concentration 

Low 
 
Related to the Loading 
Concentration 

Low 
 
Related to the 
Loading 
Concentration 

Low-Moderate 
 
Related to the Loading 
Concentration 

Throughput Low High Moderate Moderate-High Moderate Extremely Low Low 

Upfront Cell Selection Yes Yes No No Yes No Yes 

Starting Amount Hundreds-thousands Tens of thousands - millions Five hundreds - ten thousands Five hundreds- tens of thousands Up to tens of thousands hundreds hundreds 

Laboratory Skills Moderate High Moderate-High Moderate-High Moderate-High Low Moderate-High 

Cell Stress Low Moderate-High Moderate Low Moderate Low High 

Equipment Costs Moderate-High High Moderate-High Low Extremely High Extremely Low High 

Commercial Products 
 

CellCelector (ALS) 
Eppendorf Micromanipulators 
SIGHT – Families (Cytena) 
cellenONE (Scienion) 
iCell8 (Takara) 
 

FACSAria (BD Sciences) 
 

GEM Technology (10xGenomics) 
ddSEQ (Illumina & Bio-Rad) 
Tapestri Platform (Mission Bio) 
Nadia (Dolomite Bio) 
InDrop (1CellBio) 

Rhapsody (BD Sciences) 
C1 (Fluidigm) 
Easy Puncher (VyCAP) 
Celsee 
 

DEPArray (Menarini Silicon 
Biosystems)  
Lightning Optofluidic (Berkeley 
Lights) 
Beacon Optofluidic (Berkeley 
Lights) 

Standard 
laboratory 
pipettes. 

Arcturus XT (Thermo 
Fisher) 
LMD6&7 (Leica 
Microsystems) 
CellCut (MMI) 

Recommendations 

 
Often suitable after an initial 
enrichment with a great flexibility for 
different downstream analysis. Higher 
throughput is achieved via automated 
systems. Ability to select individual 
cells that can significantly lower the 
analysis costs. 
 

 
Suitable for second purification and 
samples with high contamination. 
Using FACS for single-cell isolation 
often becomes challenging when 
dealing with low sample input such as 
CTC case. 

 
Not recommended for pure low load 
CTC samples. Not flexible with 
different analysis types. For CTC 
analysis, sample pooling is required 
which will increase the analysis costs. 

 
Vary in range from simple to complex 
systems and are mostly cost-effective. 
They are more flexible with 
downstream analyses. Each nano-well 
can be used for isolation and/or 
reaction chamber for different analysis. 

 
High control in cell handling and 
great choice for single CTC 
isolation in an automated way.  
However, they are complex and 
have an extremely high setup and 
operational costs.  

 
Limited dilution and LCM approaches are 
less commonly used for CTC isolation due to 
their technological limitations including, 
low-throughput and labour-intensiveness.  
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2.4.1 Limited Dilution 

Limited dilution, also known as serial dilution, is a simple and cost-effective method for 

isolation of single cells by dispensing between 0.3-0.5 cells per dispense volume. As the 

distribution follows Poisson distribution probability, this approach  results in a high number 

of empty wells but critically minimises the multi-occupancy rate [70]. This method can be 

achieved using a common handheld pipette or pipetting robots and hence is a low-cost 

approach. Despite the accessibility, this approach is less favourable for isolation of CTCs at 

the single cell level given the rarity of these cells and large number of wells that would be 

required [71]. It should also be noted that modern high-throughput single cell genomics 

instruments such as droplet and nano-well systems use limiting dilution to minimise doublet 

rates during cell encapsulation.  

2.4.2 Micro-pipetting & Micromanipulation 

Another approach for the manual isolation of single CTCs from an enriched sample is using a 

micropipette made from an ultrathin glass capillary. In this approach, the enriched sample is 

analysed under a microscope, and the cells of interest are identified often based on 

fluorescent labelling and morphology. Then, an ultrathin glass micropipette approaches the 

cell of interest and manually gets aspirated (e.g., mouth pipetting), which then is deposited 

into a collection tube [70]. The major drawbacks of single-cell isolation through manual micro-

pipetting are the low throughput, labour intensiveness and reliance on operator’s skills [72]. 

For instance in a study by Xu and co-workers, micro-pipetting has been used to isolate and 

analyse CTCs in blood samples from 20 early-stage lung cancer patients before and after one 

cycle of treatment to reveal detailed genetic variations of the CTCs [73]. 

Micromanipulators, as opposed to micro-pipettes, are typically semi-automated single-cell 

isolation platforms which consist of an inverted microscope paired with micro-pipettes that 

are controlled by a mechanical interface. Micro-pipettes are ultra-thin capillary glasses, 

connected to an aspiration and dispensation unit with capability of handling liquid down to 

nanolitre scale [70].  

In this technique, the CTC enriched sample is often provided as a suspension in a dish or 

centrifuged on a slide, where the operator identifies the cell of interest using typical CTC 
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surface biomarkers – e.g., EpCAM. The micropipette is driven to the proximity of the cell and 

is aspirated via a suction force for consequent transfer of the cells to a collection vessel [74]. 

As an example, using this approach, Lohr and colleagues reported an integrated process to 

isolate, qualify and sequence whole exomes of individual CTCs where they identified ~70% 

mutation similarity of CTCs with the original tissue in prostate cancer patients [54]. Despite 

the advantages of this approach, including high precision liquid handling and low sample loss, 

micromanipulation of single cells is a time-consuming, labour-intensive method and can cause 

damage to the cells which limits the applicability of this approach in clinical settings [72].  

To overcome these limitations, commercial products have been developed to automate the 

cell detection and isolation process within a short time frame (Figure 2.3). In a study by 

Gkountela and co-workers, DNA methylation profiles of single CTC and CTC clusters from 43 

breast cancer patients and 13 mouse models were analysed to understand the link between 

CTC clustering and specific DNA methylation changes which can promote stemness and 

metastasis [26]. In a similar study, Reinhardt and colleagues combined a microfluidic 

enrichment method named Diagnostic Leukapheresis with an automated micromanipulator 

followed by a subsequent single-cell transcriptome profiling of CTCs from 7 breast cancer 

patients [75]. Despite the advantages of automated micromanipulators for identifying, 

isolating and transferring cells based on their morphology and biomarkers in a labour-free 

and non-intensive way, this method still suffers from high setup costs, system complexity and 

low transfer efficiency while handling adhesive cells. 

2.4.3 Laser-Capture Microdissection  

Laser-capture microdissection (LCM) is a tissue capture technique to isolate single cells from 

mostly solid tissue slices [76]. Alternatively, this technique has been adopted for isolation of 

CTCs from enriched sample via fixation/immobilisation of target cells on a slide. Cells are 

isolated using a highly accurate target recovery and is then transferred to a tube or well for 

various downstream analysis including genomics and transcriptomics analysis. LCM is 

traditionally labour-intensive, time consuming and requires fixation/immobilisation of 

samples when dealing with suspended cells [77]. In a study conducted by Park and colleagues, 

a single-cell sample preparation and genome sequencing analysis was performed on enriched 

CTCs using hydrogel encapsulation, followed by LCM to isolate the target cells [78]. 
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Furthermore, Zhu and colleagues performed proteomic analysis of  spiked CTCs in whole 

blood using an immune-density method, followed by single cell isolation using LCM, 

nanodroplet sample processing and ultrasensitive nanoLC-MS [79].  

2.4.4 Fluorescence Activated Cell Sorting 

Fluorescence-Activated Cell Sorting (FACS) is a high throughput flow cytometry technique that 

is capable of characterising, detecting and separating cells via fluorescent tags and allows for 

sorting of cells by passing an electrostatic charged droplet (containing a cell) through a high 

voltage electric field [80]. Most commonly, fluorescently conjugated antibodies are used for 

measuring and sorting cells based on different protein expression on cell surface. Intracellular 

detection is also possible, but requires fixation and permeabilisation of cells which 

compromises some downstream assays including single-cell RNA sequencing [81].  

In a study by Wang and colleagues, FACS was deployed to use CD45- and hTERT+ markers to 

isolate  CTCs from 8 breast cancer patients for measuring SNVs and matched 22 co-occurring 

mutated genes among CTCs and their primary tumours [82]. Furthermore, Lambros and 

colleagues, used FACS to isolate single CTCs from 14 advanced prostate cancer patients and 

studied them through whole genome amplification and copy-number aberration (CNA) which 

identified complex inter patient, inter cell, genomic heterogeneity that were missed on bulk 

biopsy analyses [64].  

FACS technologies allow isolation and deposition of nanolitre droplets containing a single cell 

into a well plate. However, FACS can be limited  when dealing with low sample volumes (e.g., 

enriched CTC samples) due to inherent difficulties including system stabilisation and 

insufficient sample for cell staining and inability to isolate cells with low expression of target 

proteins [83]. 

2.4.5 Droplet Generators 

Droplet generators leverage the ability of microfluidics to precisely handle tiny volume of 

liquid (down to pico-litres), and are specifically designed to create water-in-oil droplets by 

mixing these two immiscible fluids (Figure 2.2) [84, 85]. To allow for massively parallel single-

cell DNA/RNA analysis, a barcoded bead in lysis buffer is paired with a single cell inside a 

droplet. Each droplet is used as a reaction chamber where cell lysis occurs, and the DNA/RNA 
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of the cell are tagged with the barcode. In the case of RNA analysis, complementary DNA is 

made by reverse transcription and then amplified, followed by pooling all droplets together 

to construct a library for DNA/RNA sequencing [84]. In a study conducted by Brechbuhl and 

colleagues, single-cell analysis of CTCs from 11 breast cancer patient were conducted through 

an initial filtration enrichment followed by single-cell RNA sequencing using a commercial and 

automated droplet generation package [86]. Similarly, D’Avola and co-workers studied CTCs 

from 6 hepatocellular carcinoma patients using a commercial single-cell droplet microfluidic 

package, indicating the potential of droplet microfluidics for CTC studies for cancer types with 

limited access to the tissue samples [87]. 

In addition to high-throughput genomic analysis, droplets can be manipulated by merging, 

sorting and splitting to test droplet sizes, pH, deformation and behaviour [88, 89]. Droplet-

based isolation has allowed a potential application in the study of metabolic activity of CTCs. 

In line with this, in a study conducted by Del Ben and colleagues, CTCs were isolated inside 

picolitre droplets and detected via their excessive metabolomic activity (lactate production) 

and showed potential to detect as little as 10 CTCs among 200,000 white blood cells by using 

pH level measurement of droplets as an alternative to conventional CTC biomarkers [90]. 

Consequently, Rivello and colleagues further explored this concept and used the pH level 

measurement of droplets to separate highly metabolomic active cancer cells from blood of 

cancer patients and conducted a single-cell RNA sequencing [84]. 

Despite their high-throughput, droplet generators face difficulties when dealing with low 

sample input due to system stabilisation times and lowish capture rates and may result in 

high-cell loss. To overcome the droplet instability with low sample input, CTCs can be pooled 

with background cells. However, the analysis cost per CTC would increase due to inability to 

select droplets of interest for downstream analysis and there is a risk of cell loss resulting 

from the inability to completely deconvolute CTCs from mixed pools. In addition, droplet 

generators have high setup and operational costs, can be complex and require expertise to 

operate them which may limit the accessibility of these devices.  

2.4.6 Nano (Micro)-Wells  

Recently, nanolitre sized wells have been designed and deployed as a simple method for 

isolation of single cells. Similar to droplet systems, nano-wells are operated by pairing a single-
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cell with a barcoded capture bead for downstream analysis. Cell loading occurs according to 

a Poisson distribution, and the sample must be diluted to allow the desired single-cell 

occupancy rate. Both cell and beads are passively loaded through settlement of sample due 

to gravity, which greatly reduces the need for specialised equipment. Using barcoded beads 

that are matched to the well size, bead occupancy rates can reach close to 100%. This  

approach results in many wells that contains no cells, therefore the risk of having wells with 

multiple cells is lowered, but as each well contains a bead, high cell capture rates are retained 

[83]. Nano-wells are well known as a simple method to analyse single cells for different 

applications including RNA sequencing [71] and secretion studies [91].  

In a study by Park and colleagues, molecular profiling was performed on single CTCs from 55 

non–small-cell lung cancer patients, using massively parallel nano-well arrays combined with 

an on-chip Real-Time PCR (RT-PCR) [92]. Furthermore, Tamminga and co-workers have shown 

the potential of using a self-seeding nano-wells to isolate and assess released CTCs during 

surgery for non-small cell lung cancer [93].  

Generally, nano-wells are simple to operate, low-cost, and allow for parallelisation, however, 

these techniques often suffer from cross contamination and not perfectly suitable for running 

limited sample including CTCs and other rare cells [71]. It is also worth mentioning that nano-

wells can be used to enhance the micromanipulation process of single-cells by easier 

detection and retrieval of cells [81].  

2.4.7 Integrated Fluidic Circuits 

Integrated fluidic circuits utilise pneumatic membrane valves, pressurised via air, to deflect 

an elastomer and control fluid movement inside micron-sized channels. In this technique, 

cells are often encapsulated inside micro-chambers where multi-modal analysis takes place 

(Figure 2.2). However, these systems are typically limited in throughput and suffer from high 

complexity [70]. Iyer and colleagues used the Polaris system (Fluidigm Inc, United States) to 

analyse the transcriptome of 57 single CTCs collected from 3 different breast cancer patients 

and compared them to 558 single CTC data available publicly, showing inverse gene 

expression pattern between PD-L1 and MHC that is implicated in immunotherapy [94].  
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2.4.8 Dielectrophoresis & Optofluidics 

Dielectrophoresis (DEP) is a phenomenon that exerts forces on dielectric particles as result of 

a non-uniform electric field. DEP has been deployed to manipulate single cells by utilising 

electro-kinetic principles via combination of microfluidics and microelectronics [95]. Similarly, 

optofluidic-based isolation approaches combine optics and microfluidics to accurately 

manipulate particles and cells. These devices provide a high level of control on cell-handling 

which is effectively used in arrays to isolate single cells and have shown to be applicable for 

CTC studies [96, 97].  

Despite their complexity, DEP and optofluidic arrays have been widely adopted and used to 

analyse CTCs at single cell resolution. Tucci and colleagues used DEPArray technology to 

isolate and analyse CTCs from 17 stage IV cutaneous melanoma patients based on their cell 

morphology and immunophenotype features which enabled matching mutational status of 

CTCs with primary tumours [98]. Furthermore, Cappelletti and colleagues analysed 21 blood 

samples from 10 patients with metastatic renal cell carcinoma using the same DEPArray 

technology and identified two subpopulations of epithelial and non-conventional CTCs that 

lacked epithelial and leukocyte markers [62].  

Advancements in microfluidic technologies and adoption of Dielectrophoresis and 

Optofluidics for cell handling has led to great abilities to precisely manipulate single cells for 

downstream analysis. However, the high complexity and consequently high cost of these 

devices just for cell manipulation/isolation is a major drawback for clinical applicability of DEP 

and optofluidic isolation-based devices. 
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therapies across a range of cancer types using genomic analysis of CTCs [45, 47]. It is well 

known that mutations are one of the leading causes of intrinsic and acquired resistance to 

targeted therapy agents. Considering tumour clonal evolution studies through single-cell 

analysis, identifying these mutations can be used to monitor tumour evolution trajectories 

upon therapy pressure and allow the administration of appropriate treatment regimens [100, 

101]. The molecular characterization of CTCs at the single-cell resolution could help to identify 

and analyse drug-tolerant clones within the TME, which are clinically defined as a minimal 

residual disease (MRD) [102]. 

To date, the majority of clinical studies evaluating CTC genomic abnormalities have 

highlighted the presence of gene alterations that can alter the efficacy of target therapies, 

including but not limited to mutations, rearrangements, or amplifications in EGFR, KRAS, 

HER2, PIK3CA, ALK, and ROS1, among others [45, 47]. For instance, targeting mutated EGFR 

using an EGFR tyrosine kinase inhibitor (TKI) improved survival rates among patients with non-

small cell lung cancer (NSCLC). Numerous studies reported mutations that can also be 

detected in captured CTCs [103, 104].  

Maheswaran and colleagues isolated CTCs from NSCLC patients identified an in-frame 

deletion in exon-19, a drug-sensitive-related mutations EGFRL858R, and drug-resistance 

mutation EGFRT790M [104]. In agreement with these results, an NGS-based analysis of isolated 

CTCs detected matched EGFR mutations between isolated CTCs and the corresponding 

primary tumour [103]. The presence of genomic re-arrangements, particularly 

rearrangements in the ALK or ROS1 have been detected through CTCs analyses [105-107], and 

a high concordance has been reported for ALK rearrangements in CTCs and tumour biopsies 

in NSCLC [72].  In colorectal cancer (CRC), mutations in codon 12 (G12X) of KRAS have been 

identified in isolated CTCs and positively associated with cancer progression [108]. Since 

KRAS-mutated CTCs can evade EGFR-TKI therapies, continuous monitoring of KRAS mutations 

status using CTCs may facilitate the early detection of developed resistance to EGFR-TKI.  

In primary and metastatic breast carcinoma, mutations in PIK3CA have been introduced as 

one of the major molecular resistance mechanisms to HER2-targeted therapy. PIK3CA 

mutations in CTCs have been found in 15.9% of metastatic breast cancer patients [109], with 

higher rates of PIK3CA mutations among CTCs in patients with a HER2-positive status in 
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comparison with HER2-negative status primary tumours [110, 111]. Additionally, a positive 

association between the development of drug resistance and the expression of mesenchymal 

markers in CTCs has been reported in patients with breast and prostate cancer [112, 113]. 

Taken together, these pre-clinical and clinical findings highlight both the predictive power of 

genetic alteration analysis of CTCs at the single-cell and the benefit of such analysis in 

longitudinal studies of those CTCs that display stemness phenotypes during targeted therapy.  

Besides gene mutations and rearrangements, CNVs can also be analysed in CTC samples. The 

analysis of CTCs before the course of treatment can be used to identify distinct CNV signatures 

in patients with chemo-sensitive and -resistant small-cell lung cancer (SCLC) and thus highlight 

molecular mechanisms of disease progression [114]. In contrast to ctDNA, the detection of 

mutations and CNVs in CTCs can provide additional information and correlations when is 

coupled with specific transcriptomics, proteomics or morphological analysis [45]. In 

castration-resistant prostate cancer, gene expression changes to androgen receptor-splice 

variant seven have been widely investigated in CTCs to explore its role in developing 

treatment resistance to androgen inhibitors [26, 72, 115]. Moreover, RNA-seq analysis of 

single CTCs from patients with resistance to androgen receptor inhibitors also displayed the 

activation of the glucocorticoid receptor and noncanonical WNT signalling pathways as 

possible resistance mechanisms [116]. The phenotypic transformation and cellular plasticity 

are among the main mechanisms of drug resistance across various tumour types, including 

NSCLC, prostate cancers, and melanoma [101, 115, 117-119]. Genomic and proteomic 

analysis of CTCs at the single-cell resolution could provide new insight into the molecular 

mechanisms behind this phenomenon and aid in identifying appropriate therapies for certain 

patients experiencing drug resistance. In the neuroendocrine type of prostate cancer, isolated 

CTCs showed a phenotypic switch associated with endocrine therapy resistance [120]. 

Additionally, phenotypic transformation to a poorly differentiated phenotype has been 

observed in CTCs from patients with melanoma who developed relapse in response to BRAF 

inhibitor (PLX4720) [117].  

Interestingly, in the case of breast carcinoma, CTCs from patients with ER+ /HER2– tumour 

represented a transformation to a HER2+ status-related phenotype under cytotoxic 

treatment without acquiring additional genetic aberrations [101]. In support of this finding, a 

recent study evidenced 73% concordance in ER status and 77% concordance in HER2 status 
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between CTCs and matched primary tumours [121]. To validate these findings in larger 

cohorts, recently two clinical trials in breast cancer (DETECTIV (NCT02035813)) and prostate 

cancer (CABAV7 (NCT03050866)) lunched where therapy decisions are based on the cellular 

and molecular features of CTCs in a personalized manner. 

 

2.7 Concluding remarks and future perspectives 

CTC enumeration studies have consistently shown a link between CTC numbers and disease 

outcome. Whilst CTC enumeration has been considered as a powerful prognostic tool, single-

cell characterisation technologies that allow a deep characterisation of CTCs are now 

beginning to provide high resolution molecular details about the mechanisms involved with 

metastasis and therapeutic resistance. These tools are giving us a unique insight into CTC 

heterogeneity and potentially the primary tumour. The characterisation offered by modern 

single-cell genomics approaches are providing details of patients’ tumour beyond the 

traditional image-based CTC enumeration. They also supply information in addition to what 

is covered by ctDNA analysis, namely which genes are actually being expressed or which 

mutations are being co-expressed within the same cell. Despite this potential, there are still 

a number of technological barriers that must be addressed before CTC and CTC clusters can 

routinely and accurately be assessed using high dimensional, single-cell molecular assays 

(Outstanding Question).  

As cancer is a complex disease, often caused by multiple factors involving more than one gene 

alteration, gaining a true understanding of the clinical relevance of CTCs and CTC clusters 

across the spectrum of cancer is a non-trivial task. It would involve a wide spectrum of studies 

across many patients with various stages of their disease under different treatment 

conditions. One approach to expedite the process is to develop high efficiency isolation 

approaches that can be coupled to high resolution molecular profiling tools. Although these 

assays are becoming increasingly available, they are still prone to biases such as strong 

stochastic variation, low (and/or uneven) coverage, and high dropout and error rates [122]. 

Despite the demerits, there is no doubt that genomic analysis can, and has provided a deeper 

characterisation of CTCs. Clinical studies showed that it might lead to an improved ability to 

patient stratification for personalised targeted therapies. 
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An alternative method to further our understanding on how CTCs and CTC-clusters relate to 

cancer progression and treatment selection is to generate CTC cell lines and CTC-derived 

xenografts (CDX) for molecular analysis and drug screening [122]. In-vitro results along with 

in-vivo validation using CDX enable the identification of anti-cancer therapeutic agents with 

increased tumour-killing activity, highlighting the suitability of this approach in principle. 

However, in-vitro expansion of the cell line or generation of CDX from CTCs is expected to put 

selective pressures on the isolated CTCs resulting in potential changes. Additionally, it is 

impossible to create a platform that allows long-term study of the immune component of the 

CTC clusters which plays a critical role in the increased metastatic potential of them. 

Therefore, while CTC expansion might be a suitable solution upon the identification of an 

appropriate growth medium for CTCs, these drug screen assays often require a significant 

time/cost and CTC expansion may not be performed for every patient.    

By combining the results from high resolution single-cell molecular characterisation of CTCs 

together with drug screening, it may be possible to connect the phenotypic and genomic 

profiles of CTCs and CTC clusters to determine inherent drug sensitivities. If drug sensitivity 

can be strongly linked to the molecular and phenotypic characteristics of the CTCs and CTC 

clusters, it might be possible to figure out the most proper treatment for individual patients 

and to further alter treatments as the disease progresses.  

Thus, to enable integration of CTC analysis in clinical settings, enrichment platforms are 

required to be: 1) simple and cost-effective to operate, 2) applicable across a wide range of 

cancers, 3) allow CTC and CTC clusters to be isolated rapidly prior to any biological changes 

are induced and, 4) highly efficient in capturing viable CTCs and CTC clusters in a format and 

elution volume that are compatible with current and emerging downstream high dimensional 

molecular assays. Together, we envision that, technological improvements in CTCs isolation, 

functional profiling of enriched CTCs using state-of-art technologies such as spatial 

transcriptomic and proteomic profiling, and ex-vivo expansion of CTCs for drug susceptibility 

testing are now key to highlight the CTCs analysis as a potential cancer diagnostic and 

prognostic biomarker for clinical practice. 

In line with that, this thesis advocates for the integration of microfluidics with existing single-

cell analysis workflows, aspiring to forge a cost-effective, portable platform for analysing rare 
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cells at a single-cell level. Central to this proposition are advanced miniaturisation 

technologies like droplet microfluidics, which significantly enhance sample purification and 

effective concentration, thereby markedly lowering the detection limit. This novel approach 

is not only instrumental in refining detection capabilities for rare cells but also pivotal in 

advancing the validation of biological assays, particularly in scrutinizing the epithelial 

mesenchymal transition state in cancer cells. To provide a lucid, quantitative demonstration 

of these advancements, this section will feature comparative metrics and illustrative 

examples, like Figure 1.4, which visually encapsulates the impact of miniaturisation on sample 

purification and detection thresholds. This structured presentation, possibly in bullet points 

or tabulated form, aims to concisely yet comprehensively underscore the technological 

strides and potential applications of this research in the realm of single-cell analysis.
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Table 2.2 - Summary of key studies on circulating tumour cells via different single-cell isolation platforms. 

Study # Single-Cell Isolation 

Technology 

Single-Cell Isolation 
Feature 

CTC 

Enrichment 

Technique 

Cancer Type/Organ Significance & Outcomes Ref. 

1 Micro-pipetting Surface biomarkers  Deterministic 

lateral 

displacement & 

immunomagnetic 

- WBC depletion 

Signet ring cell carcinoma & 

adenocarcinoma 

Xu and colleagues developed an integrated system consisting of two enrichment stages, i.e., a 

deterministic lateral displacement step for depletion of erythrocytes and an immunoaffinity 

part for leukocytes removal. The putative CTCs were picked up using in-mouth pipette 

technology followed by single-cell analysis. The authors showed successful detection and 

isolation of CTCs from 15 out of 20 patient samples tested, and consequently conducted 

single-cell DNA sequencing to show copy number variations, single nucleotide variants and 

insertion or deletion (InDel). 

 

[73] 

2 Micromanipulation Surface biomarkers & 

sub-nanolitre wells 

used as a guide 

Magnetic cell 

sorting 

Prostate cancer 

 

Lohr and colleagues reported an integrated process to isolate, qualify and sequence whole 

exomes of isolated single CTCs. They matched 70% mutation similarity of CTCs with the 

original tissue in prostate cancer patients. In this work, magnetic cell sorting was deployed to 

enrich CTCs from peripheral blood of patients, stained and loaded the enriched CTCs onto an 

array of 84,672 sub-nanolitre wells and used a micromanipulator to transfer the single CTCs 

to a PCR plate after identification of target cells. 

 

[54] 

3 Automated 

micromanipulation 

Size based selection & 

surface biomarkers  

Parsortix Breast cancer  Gkountela and co-workers reported a study in which DNA methylation profiles of single CTCs 

and CTC clusters from 43 breast cancer patients and 13 mouse models were analysed to 

understand the link between CTC clustering and specific DNA methylation changes that 

promotes stemness and metastasis. The blood samples were enriched for CTCs using Parsortix 

system (size-based filtration) prior to transfer to individual PCR tubes using a commercial and 

automated micromanipulator. A total of 188 single CTCs and 149 CTC clusters were detected 

and analysed through whole-genome bisulfite sequencing or RNA-sequencing. 

 

[26] 

4 Automated 

micromanipulation 

Size based selection & 

surface biomarkers  

Parsortix Breast cancer Reinhardt and colleagues performed single-cell transcriptomic profiling of 33 single CTCs 

from seven breast cancer patients for characterisation of inter-cellular heterogeneity in terms 

of endocrine resistance. They revealed CTC subpopulations with different expression of 

transcripts regarding the differential phenotypes involved in endocrine signalling pathways 

and response or resistance to endocrine therapy. In this work authors used the Parsortix system 

[75] 
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and an automated micromanipulator for isolation and Real-Time quantitative PCR (RT-qPCR) 

analysis of individual cells. 

 

5 Laser-capture 

microdissection 

Surface biomarkers Microfluidic-

Ratchet 

(deformability 

based) 

Prostate cancer Park and colleagues performed single-cell genome sequencing on 8 single CTCs using a panel 

of 73 cancer-related genes. The authors initially enriched the sample for CTCs using a 

deterministic lateral displacement microfluidic device, followed by a hydrogel encapsulation 

and LCM to isolate the target cells, showing a 93% single-cell transfer efficiency. 

 

[78] 

6 Laser-capture 

microdissection 

Surface biomarkers Immune density Cancer cell line Zhu and colleagues demonstrated the potential of carrying out proteomic profiling of 5 spiked 
CTCs enriched from whole blood using immune-density method, followed by single cell 
isolation using LCM, nanodroplet sample processing and ultrasensitive nanoLC-MS. Their 
workflow could identify an average of 164 protein groups from samples comprising a single 
LNCaP cells (a prostate adenocarcinoma cell line). 
 

[79] 

7 Fluorescence Activated 

Cell Sorting (FACS) 

Surface biomarkers FACS Breast cancer  Wang and colleagues deployed FACS to separate and isolate single CTCs using CD45- and 
hTERT+ detection scheme. They isolated 11 CTCs from 8 breast cancer patients for measuring 
SNVs and matched 22 co-occurring mutated genes among CTCs and their primary tumours. 
The authors proposed CTC-shared SNVs as a potential signature for identifying the origin of 
the primary tumour in a liquid biopsy. 
 

[82] 

8 Fluorescence Activated 

Cell Sorting (FACS) 

Surface biomarkers Apheresis 

followed by 

immunomagnetic 

capture via 

CellSearch 

Prostate cancer Lambros and colleagues used FACS to isolate 185 single CTCs from 14 advanced prostate 
cancer patients and studied through whole genome amplification and copy-number aberration 
(CNA) which identified complex inter patient, inter cell, genomic heterogeneity missed on 
bulk biopsy analyses. This was the first scientific evidence of using apheresis technique to 
process large blood volumes (mean volume of 59.5mL) to enrich CTCs in a sample. 
 

[64] 

9 Droplet generation Single-cell RNA 

sequencing 

Size-based 

filtration 

Breast Cancer Brechbuhl and colleagues investigated intravascular interactions between circulating breast 
cancer cells and other peripheral blood mononuclear cells via single-cell RNA sequencing. 
They predicted an enhanced immune evasion in the CTC population with EMT characteristics. 
The authors in this work used a commercial and automated single-cell droplet generation 
package and a total of 93 CTCs from 11 breast cancer patients were detected throughout their 
analysis. 
 

[86] 

10 Droplet generation Single-Cell RNA 

Sequencing 

CD45 negative 

enrichment 

Hepatocellular carcinoma 
cancer 

D’Avola and co-workers performed single-cell RNA sequencing on CTCs from 6 
hepatocellular carcinoma patients which there is a limited access to the tissue sample. They 
showed genome wide expression profiling of CTCs demonstrate CTC heterogeneity which 
helps detecting known oncogenic drivers in hepatocellular carcinoma such as IGF2. They 
developed a method that combines image flow cytometry and high density single-cell mRNA 
sequencing.  
 

[87] 

11 Droplet generation Metabolomic activity 

– lactate production 

immunomagnetic 

- WBC Depletion 

Colorectal cancer Del Ben and colleagues isolated CTCs through the monitoring of their metabolic activities in 
droplets. They highlighted a limit of detection as little as 10 CTCs among 200,000 white blood 
cells from four patients by leveraging advantage of pH measurement or lactate concentration 
changes in the extracellular compartment of individual cells without surface antigen labelling. 
 

[90] 
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12 Droplet generation Metabolomic activity 

– lactate production 

Immunomagnetic 

- WBC depletion 

Prostate cancer Rivello and co-workers proposed a metabolic assay chip as a label-free and droplet-based 
microfluidic device for single-cell extracellular pH measurement for detection and isolation 
of highly metabolic CTCs. The study was conducted on 56 patients and suggested that the 
level of metabolic activity of cancer cells can be a prognostic and promising biomarker to 
study tumour progression and metastasis. 
 

[84] 

13 Nano(micro)-wells Size-based sub-

nanolitre wells & 

molecular analysis 

(RT-PCR) 

Immunomagnetic 

– EpCAM 

positive selection 

via MagSifter 

Non-small-cell lung cancer Park and colleagues performed single-cell mutation profiling on single CTCs from 55 non–
small-cell lung cancer patients, using massively parallel nano-well arrays. First, CTCs were 
enriched from the whole blood samples using MagSifter (using anti-EpCAM antibodies for 
positive selection), and then the sample was diluted and seeded by direct pipetting and 
centrifuging on an array of 25,600 wells where cells were isolated individually. Consequently, 
multigene profiling of individual CTCs was performed through RT-PCR in a high-throughput 
and multiplexed fashion for single-cell mutation profiling. 
 

[92] 

14 Nano (micro)-wells  Size-based Sub-

nanolitre wells 

Immunomagnetic 

capture via 

CellSearch 

Non-small-cell lung cancer Tamminga and co-workers have shown the potential of using a self-seeding nano-wells to 
isolate and assess released CTCs during surgery for non-small cell lung cancer. The authors 
isolated over 267 CTCs from 10 different non-small cell lung cancer patients without 
undergoing surgical resection. Initially, the authors used CellSearch platform for CTC 
enrichment from peripheral blood and performed copy number analysis through single-cell 
whole genome sequencing. The single-cell isolation device operates similar to a filtration 
system in which the sample is passed through wells with a 5µm pore. Larger cells, such as 
CTCs, clog the wells but allow the remaining sample to flow through the device. Once the 
well containing the cell of interest is identified, an automated puncher needle approaches and 
ejects the cell by punching the well and transferring the cell into a collection vessel. The 
authors concluded that CTCs defined by CellSearch were identified in higher numbers in the 
pulmonary vein compared with radial artery and suggested that release of CTCs were not 
influenced by surgical approach.  

[93] 

15 Integrated fluidic 

circuits 

Fluidic chambers & 

Single-Cell RNA 

Sequencing 

Size based 

inertial 

microfluidics via 

ClearCell FX 

Breast cancer Iyer and colleagues used the Polaris system to analyse the transcriptome of 57 single CTCs 
collected from 3 different breast cancer patients and compared to 558 single CTC data from 
publicly available single-cell transcriptome expression profiles of CTCs. They showed CTCs 
of different cancer types lie on a nearly perfect continuum of EMT values. Additionally, by 
using full length transcriptomic analysis they identified a number of new cell surface 
biomarkers (ITGB5, TACSTD2, SLC39A) in addition to the standard EpCAM. 

[94] 

16 Dielectrophoresis 

(DEP) 

Surface biomarkers, 

size and shape & 

molecular analysis 

(ddPCR) 

Immunomagnetic 

- WBC depletion 

Melanoma cancer Tucci and colleagues studied a total of 661 single CTCs from 17 late-stage melanoma patients 
for the expression of melanoma stem cell markers such as CD271, ABCB5, RANK, and the 
BRAF mutational status by droplet digital PCR. They used an immune-magnetic negative 
depletion approach to eliminate CD45-, CD31- or CD34-positive cells, followed by isolation 
of individual CTCs using a commercial DEPArray machine.  
 

[98] 

17 Dielectrophoresis 

(DEP) 

Single-cell RNA 

sequencing 

Parsortix Renal cell carcinoma cancer  Cappelletti and colleagues studied 21 blood samples from 10 patients with metastatic renal 
cell carcinoma and showed an eightfold amplification of MET in CTCs and a sevenfold 
increase in cfDNA which was correlated with resistance to Crizotinib and Alectinib. Authors 
used Parsortix enrichment technology for enumeration of CTCs, followed by isolation of 37 
single CTCs using a DEPArray technology. The isolated CTCs were analysed through next 
generation sequencing to identify two subpopulations of epithelial CTC and non-conventional 
CTC that lack epithelial and leukocyte markers. DEPArray was also used to isolate CTCs from 
a patient with stage IV non-small cell lung cancer who experienced development of resistance 
to Crizotinib and primary resistance to Alectinib. Analysis showed a progressive increase in 
CTC numbers and cell free DNA during treatment.  
 

[62] 
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Chapter 3 – Rapid Fabrication of Static Droplet Microfluidic Devices for 

Isolation of Circulating Tumour Cells 

Summary 

This chapter explores three microfabrication approaches of 3D printing, maskless lithography 

and laser cutting for creating static droplet microfluidic devices. The microfluidic devices are 

used to encapsulate circulating tumour cells in confined and controlled droplets for various 

studies that are explored throughout this thesis. Currently, complex fabrication 

methodologies to create microfluidic devices remain as one of the key barriers for innovative 

solutions. Most fabrication methodologies suffer from high-cost, time consuming processes, 

reliance on specialised equipment/facilities and labour-intensive approaches. To provide 

alternatives, in this work, we propose simple, yet effective, fabrication methods for rapid 

prototyping of microfluidic devices using three separate approaches of 3D printing, maskless 

lithography and laser cutting. We discussed the benefits and shortcomings of each approach 

for prototyping and creating static droplet microfluidic devices and showcased the potential 

of encapsulating and studying single cells.  

This chapter is under preparation for submission to the journal of Analyst as a communication 

journal*. 

 

 

 

 

 

 

 

*Radfar P, Rahnama R, Ding L, Warkiani ME. Rapid Fabrication of Static Droplet Microfluidic 

Devices.  
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3.1 Introduction 

Cancer metastasis is the leading cause of death among cancer patients [21]. Metastasis is 

spreading process through which primary tumours cells travel through vascular system to a 

secondary sight where new tumours are formed [25]. Given the important role of Circulating 

Tumour Cells (CTCs) in cancer metastasis, they carry valuable information on the tumour 

conditions and patients’ disease state [26]. Thus, in the past few decades CTCs have been 

clinically used as a non-invasive diagnostic and prognostic tool. However, CTCs are extremely 

rare in the circulation and isolation of them among billions of peripheral cells are often a 

challenging task [33]. Various enrichment techniques have been developed in the past to 

remove background blood cells from cancer patients’ blood (see ref. [123] for further 

information). However, despite all the potential benefits, high contamination of leucocytes 

and high sample loss during enrichment are considered as the major clinical challenges of 

CTCs [35-39]. In the past few years, researchers have been developing complementary tools 

and platforms to alleviate the limitations involved with CTC enrichment platforms [124-127]. 

Among all options, droplet microfluidics has been one of the most promising approaches for 

purification and analysis of the post-enrichment samples [123]. The idea relies on 

fractionating the sample into tiny droplets and based on statistical probabilities, cells are 

individually encapsulated and analysed over different biological assays [5, 128]. However, 

majority of droplet microfluidic systems rely on costly setups and specialised equipment. 

While static droplet microfluidics have been suggested as a simpler approach to encapsulate 

and analyse cells, fabricating the complex structures are difficult, requires advanced micro-

fabrication skills and often is time-consuming [4]. Figure 3.1 illustrates the conventional 

approach for fabricating microfluidic devices using soft lithography. 





–
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3.2 Result and Discussion 

3.2.1 Working Principles and Device Design 

Static Droplet Microfluidic (SDM) devices proposed in this manuscript leverage the capillary 

forces of the liquid/sample for fractionation and generation of droplets. Each device consists 

of a main channel with chambers on the sides that are interconnected via tiny air vents. As 

the liquid travels through the main channel, side chambers are filled owing to the existence 

of the air vent that allows the air to escape but stops the liquid due to the hydrophobicity of 

the device (refer to ref. [5] for detailed discussion on the SDM device working principle).  

The SDM devices were designed using a bottom-up approach based on the minimum 

resolution of the fabrication method to design the smallest possible air vent at end of each 

pocket. The air vent dimensions were used to calculate the maximum capillary pressure 

barrier that could be applied. Finally, the chambers, middle channel and length of the device 

was designed accordingly. Please refer to [5] for detailed guide on design of the static droplet 

devices. 

3.2.2 Fabrication Approaches 

In this work, three methods of 3D microprinting, maskless lithography and laser cutting were 

utilised to rapidly prototype the master for fabrication of SDM devices using 

polydimethylsiloxane (PDMS). Table 3.1 provides an overall comparison of the three 

fabrication approaches used in this work.  

3D Microprinting. The advancements 3D printing technology has enabled the possibility for 

rapid development of micron-scale structures suitable for the use as microfluidic devices 

[129]. The SDM devices in this work were developed using MiiCraft Ultra 50 3D printer. The 

design was made using computer-aided design modelling software, SolidWorks 2018 

(Dassault Systems, France), and the file was exported to the MiiCraft software to as an STL 

file to process. The 3D design model was sliced by the MiiCraft’s software using 50μm slicing 

in z-axis with curing time of 1.2 seconds along with 2 base layers and 4 buffer layers. The 3D 

printing was completed within an hour and the part was collected from the printer for 5 

rounds of Isopropanol Alcohol (IPA) washing. After removing any residual resin, the part was 

post-cured using a UV box to enhance the surface properties. Then the post-processed part 

was dipped inside IPA for 2 hours to eliminate uncured monomers and oligomers. Next, to 



hours in 44 degrees oven before casting PDMS and placing it 65⁰C oven. 

and estimated to cost ~A$5. The lowest possible resolution achieved was down to 50μm in 

y axis and 10μm in the z

to 20nL droplet sizes with an 50μm air vent at the end of each pocket. It is also worth 

–

coating a 50μm 

baked according to manufacturer’s guidelines, followed by pattern printing using the 

μPG101laser d 0μm focus. 
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AutoCAD 2017 (Autodesk, United States), and the file was exported as a DXF drawing to the 

Heidelberg software. After completion of the laser-writing step, the part was post-baked, 

developed using SU8 developed (MicroChem Co., USA) and hard-baked as per manufacturer's 

guidelines. Finally, the prepared mould was salinised under vacuum using trichloro (1H, 1H, 

2H, 2Hperfluoro-octyl) silane (Sigma-Aldrich, Australia) for 2 hours to achieve an easier 

release of PDMS upon casting. Finally, PDMS was casted, degassed and baked in the 65⁰C 

oven.  

The entire process from design to production of the PDMS SDM device took around 4 hours 

with an estimated cost of ~A$3. The lowest resolution achieved by this approach was down 

to half of the height of the channels – i.e., 25μm minimum resolution with 50μm channel 

height. In this study, 1nL droplets were designed and tested successfully. Lower droplet 

volumes may also be achieved via altering the design. In contrast to 3D printing, laser writers 

are often expensive, inaccessible, require high-end training and often are installed in 

cleanroom facilities. The major benefits of this approach include faster turnaround time, high 

quality and durability of the finished moulds and the ability to create larger models.  



–

States) to the machine’s software. The machine rapidly cuts the pattern out of the paper and 



casting using 125⁰C oven. Thus, the entire process from design to fabrication can take place 

–

–



–



–
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Chapter 4 – An Easy-to-Operate Method for Isolation and Molecular Analysis 

of Single Rare Cells  

Summary 

This chapter focuses on a novel microfluidic device for encapsulation of circulating tumour 

cells and retrieval of them using common laboratory equipment such as handheld pipette for 

single cell molecular studies. In-depth study of cellular heterogeneity of rare cells (e.g. 

circulating tumour cells (CTCs) and circulating foetal cells (CFCs)) is greatly needed in disease 

management, but has never been completely explored due to the current technological 

limitations. Herein, we developed a retrieval method for single-cell analysis using a Static 

Droplet Array (SDA) device through liquid segmentation with almost no sample loss. We 

explored the potential of using SDA for low sample input and retrieving the cells of interest 

using everyday laboratory equipment for downstream molecular analysis. This single-cell 

isolation and retrieval method is low-cost, rapid and provides a solution to the remaining 

challenge for single rare cell analysis. The entire process takes less than 15 minutes, is easy to 

fabricate and allows for on-chip analysis of cells in nano-litre droplets and retrieval of desired 

droplets. To validate the applicability of our device and method, we mimicked analysis of 

single CTCs by isolation, retrieval, and mRNA real-time PCR analysis. This chapter has been 

published in 2 journals of Microchimica Acta* and Analytical Chemistryx. 

 

 

 

*Ding, L.#, Radfar, P.#, Rezaei, M., & Warkiani, M. E. (2021). An easy-to-operate method for 

single-cell isolation and retrieval using a microfluidic static droplet array. Microchimica 

Acta, 188(8), 1-11. DOI: 10.1007/s00604-021-04897-9  

xRezaei, M., Radfar, P., Winter, M., McClements, L., Thierry, B., & Warkiani, M. E. (2021). 

Simple-to-operate approach for single cell analysis using a hydrophobic surface and nanosized 

droplets. Analytical chemistry, 93(10), 4584-4592. DOI: 10.1021/acs.analchem.0c05026  

https://doi.org/10.1007/s00604-021-04897-9
https://doi.org/10.1021/acs.analchem.0c05026
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4.1 Introduction 

The study of cell populations at single-cell resolution and understanding the cellular 

heterogeneity among them can reveal important information regarding different cell types, 

functionality, conditions and circuits via genomic, transcriptomic, proteomic and 

metabolomic analysis [6, 7]. Single-cell analysis can provide insights on healthy and diseased 

behaviours of individual cells and can play a crucial role in precision diagnostics and 

therapeutics [8]. Among different analysis types, single-cell genomic and transcriptomic 

analysis, have drawn the most attention in the past decade due to its capabilities in 

discovering cellular information [9]. Typically, single-cell genomic and transcriptomic analysis 

involves isolation and lysis of single cells to extract, amplify and barcode the DNA/RNA of each 

cell individually. For RNA analysis, an additional step of reverse transcription is needed to 

create complementary DNA (cDNA) due to the unstable nature of RNAs [10]. Conventionally, 

single-cell isolation and analysis were possible through limited dilution [130], 

micromanipulation [131], Fluorescence-Activated Cell Sorting (FACS) [80], Laser-Capture 

Microdissection (LCM) and complex integrated microfluidic platforms (e.g. Fluidigm C1) [9], 

which are constrained by cost, minimum sample input, sample loss, time and labour [6]. 

Recently, multiple products have been developed to allow massively parallel single-cell 

isolation and barcoding of individual cells genomic material which is then followed by cDNA 

synthesis. Currently, most commonly used single-cell isolation methods are microfluidic 

droplet generators that encapsulate single cells with a uniquely barcoded RNA capture beads 

in a tiny water-in-oil droplet. However, droplet-based techniques often face challenges when 

dealing with low sample input (i.e., due to initial stabilisation time of the system), while 

requiring specialised equipment and high setup and operational costs [132]. An alternative 

approach to droplets is the use of nanolitre wells that sample gets loaded and settles down 

by gravity which reduces the need for specialised equipment and operating dead volume (e.g., 

BD Rhapsody system). Wells are designed with specific dimensions to allow for single cell and 

bead occupancy at the right sample concentration. Although nanolitre wells overcome some 

of the issues associated with droplet generators; the lack of a mechanism to 

encapsulate/isolate the cells in the wells leads to lower capture efficiency and a significant 

cross-contamination [6].  
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Most of the current single-cell technologies are employed for processing a large population 

of cells such as tissue biopsies. While there has been a significant development in single-cell 

analysis platforms for such cases, less attention has been paid to the single-cell analysis of 

low input samples (≤ 104 cells) [6]. With advancements in cell enrichment methods, there 

has been a growing interest in analysing rare cells at a single-cell resolution which can unravel 

unique insights that are not revealed by bulk molecular analysis [15]. Typical examples of rare 

cell analysis include Circulating Tumour Cells (CTCs), Circulating Foetal Cells (CFCs), immune 

cells, and stem cells. These cells are usually found in liquid biopsies (e.g. blood, urine), are 

processed through an enrichment step to remove the majority of unwanted cells. In the past 

years, liquid biopsy has gained significant attention due to the critical information that can be 

obtained from the analysis of rare cells in a non-invasive manner [17-19]. In most of the 

enrichment cases, a low number of rare cells is found among thousands of undesired 

background cells (e.g. in CTC cases usually 1-10 CTCs among thousands of white blood cells 

(WBCs) are found in one millilitre of a cancer patient blood sample) [74]. Single-cell analysis 

of such rare cells is not easily possible through droplet or nanolitre well systems due to 

abovementioned limitations associated with these approaches, especially cells losses. The 

majority of the current single-cell studies on rare cells are done via conventional approaches 

including limiting dilution, micromanipulation, and LCM, despite their disadvantages [47]. 

Besides, there has been multiple single-cell capturing and analysis methods reported in 

literature based on hydrodynamic or active trapping of cells [133-137]. However, these 

methods suffer from high complexity, reliant on specialised equipment, inability to process 

low number of cells (e.g., high cell loss) and lack of a simple retrieval method. Thus, there is a 

critical need for the development of a low-cost, rapid, and simple single-cell analysis platform 

that is capable of processing a low number of input cells and does not require special 

equipment. In Table S2 (supplementary file), different single-cell isolation techniques are 

compared for isolation and analysis of rare cells.  

To overcome these challenges, we have developed a simple and low-cost method for single-

cell trapping, isolation and retrieval using a microfluidic Static Droplet Array (SDA). The 

volume of SDA traps is 20 nanolitre, and the whole process is designed to be operated using 

a handheld pipette and fluorescent microscope, making the method more accessible to 

general laboratories. Our novel retrieval method is based on temporary bonding of the chip 
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on a substrate during the injection, followed by freezing and peeling off the chip. The freezing 

step allows the droplets to stick to the substrate after chip peel off, which can be picked and 

transferred to a PCR tube, without losing any molecular content. We demonstrated a proof-

of-concept study for single-cell analysis of rare cells by injecting 300 cells and analysing them 

via quantitative reverse transcription PCR (RT-qPCR) to validate our protocol. 

 

4.2 Material and Methods 

4.2.1 Device design and fabrication 

The proposed devices have pocket volumes of 20 nanolitres designed with a hexagonal cross-

section, optimised to trap single cells, and sized accordingly to allow for pickup of the droplets 

with a 10μL pipette tip after freezing the chip. Also, pocket sizes were designed to ensure 

enough nutrient is provided for on-chip culturing of the cells. The main channel and trap 

entrance dimensions are 170μm and 220μm, respectively, which allows the fluid to fill the 

traps first. Height of the channel was designed at 100μm to allow cell movements and avoid 

clogging of the channel. 

In this work, we used two different strategies to fabricate master moulds of our devices. The 

first master mould was made using standard photolithography as follows. Initially, the SDA 

pattern was designed using AutoCAD software (AutoDesk, United States of America) and 

printed out on a glass mask. Then, photolithography was performed using nLOF2020 

photoresist and Karl Suss MA6 mask aligner (SUSS Microtec, Germany) on a silicon on 

insulator (SOI) wafer with 100mm diameter. Eventually, Deep Reactive Ion Etching (DRIE) was 

deployed to transfer the pattern into the wafer with an aspect ratio of 1:10.  

To explore the possibility of an alternative approach for master mould fabrication, we have 

utilised high resolution SLA printing technology to make devices with bigger spacings between 

the traps. The 3D printed mould was fabricated using MiiCraft Ultra 50 (MiiCraft, Taiwan) with 

a printing area of 57×32×120mm and XY resolution of 30µm as per previous works of our 

research group [138]. The 3D-printer used in this work utilises a 385-405nm UV wavelength 

to cure resin (BV-007) on a printing platform. Given the lower resolution of 3D printing 

compared to soft lithography, we adjusted the design parameters to accommodate for that. 

The design was made using computer-aided design modelling software, SolidWorks 2018 
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(Dassault Systemes, France), and the file was exported as an STL file to Miicraft printing 

software (MiiCraft 125, version 4.01, MiiCraft Inc). Slicing of 50µm in z-axis was used with a 

curing time of 1.2 seconds, 2 base layers and 4 buffer layers, to ensure the part is adhered to 

the picker during printing. After the printing was over, the mould was washed thoroughly 

using isopropanol alcohol to remove any residual resin and post-cured for enhancing the 

surface proprieties of the mould. Then to eliminate any uncured monomers and oligomers on 

the surface, the mould was dipped in isopropanol alcohol for 2 hours.  

Once the fabrication and preparation of both soft lithography and 3D printed moulds were 

completed, to avoid any Polydimethylsiloxane (PDMS) sticking to the surfaces of the moulds, 

salinisation was done using trichloro (1H, 1H, 2H, 2H-perfluoro-octyl) silane (Sigma-Aldrich, 

Australia) in a pressure desiccator under vacuum for 2 hours to produce a hydrophobic 

coating layer for easier release of cured PDMS. PDMS (Sylgard 184, Dow Corning, USA) was 

prepared by mixing elastomer and curing agent in a standard ratio of 10:1, followed by 

degassing in a vacuum chamber until all air bubbles are removed. The mixture was then 

poured onto the moulds and cured at 65°C for one hour before peeling. The PDMS device was 

then cut from the mould and inlet and outlet access holes were made using 1mm biopsy 

punch. The device was then pressed on Glass slide (Corning, Australia), which was pre-coated 

with 1% BSA (Sigma Aldrich) for one hour, to create a temporary binding. 

4.2.2 Cell culture  

Breast cancer cell line, MCF-7, and monocyte cell line, THP-1, were cultured in complete 

media made of RPMI media (Gibco, Australia) with 10% foetal bovine serum (Gibco, Australia) 

and 1% Penicillin-streptomycin antibiotics (Gibco, Australia) in T-25 flasks (Corning, Australia). 

The cells were passaged at 80% confluency, and the seeding density was about 0.7×106 cells. 

4.2.3 Cells/beads loading and capture rate counting 

Once cells reached 80% confluency in the flask, the cells were detached by TrypLE (Gibco, 

Australia) and cells were resuspended in 1mL culture media after centrifugation. Cells were 

then counted using a haemocytometer (Sigma-Aldrich, Australia) and cell viability of >90% 

was ensured by 0.4% Trypan blue solution (Gibco, Australia). A range of different cell 

concentration solutions (5-50cells/µL) was prepared by diluting the cells in DPBS (Gibco, 

Australia) and after injection of the solutions, a fluorescent microscope was used to compare 

single cell capture rates. Different injection speeds, between 10-90µL/min, were tested by 
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using a syringe pump as well as a handheld micropipette. Before injecting 5µL of the sample 

into the microfluidic chips, the cell suspension was remixed by pipetting for 5 seconds. After 

injection, the device was imaged under a microscope, and cell occupancy in each chamber 

was identified.   

The workflow of our method includes 5 steps (Figure 4.): 1) cells were harvested, diluted to 

the appropriate concentration and injected by a handheld pipette into the device; 2) the 

remaining liquid in the main channel (if any) of the device was aspirated to create individual 

droplets; 3) the device was frozen by placing it in -80℃ fridge for 5 minutes; 4) the device was 

taken out, and the PDMS chip was peeled off; 5) the droplets of interest were picked up by a 

hand-pipette for further studies.  

4.2.4 Cell viability assay  

The effect of different dimethyl sulfoxide (DMSO, Sigma-Adrich, Australia) concentrations on 

the cellular viability post-freezing were examined. Firstly, MCF-7 cells were centrifuged and 

suspended in 1mL fresh media in 1.5mL microtubes. 2µL of live and dead stain (Abcam, 

Australia) was added into each tube. Then the cells were allocated into 5 different tubes to 

make 1, 3, 5, 7, 10% DMSO content in the cell solutions, and the cells were injected into the 

device, sheathed with air and the number of live and dead cells were counted under the 

microscope. After that, the chips were frozen in -80°C freezer and taken out after 10 minutes. 

The device was thawed in 37℃ incubator for 5 minutes and imaged under the microscope to 

calculate the number of live cells post freezing. 

4.2.5 Immunofluorescence staining and imaging 

MCF-7 cells and THP-1 cells were harvested, centrifuged at 400g for 5 minutes and 

resuspended in 100µL methanol (Sigma-Aldrich, Australia) in two 1.5mL Eppendorf tubes. The 

tubes were then incubated at -20°C for 5 minutes for permeabilization and fixation. After two 

times washing by DPBS, the cells were resuspended in a cocktail of 96µL DPBS, 2µL DAPI 

solution and 2µL anti-cytokeratin antibody or anti-CD45 (Miltenyi Biotech, Australia). The 

tubes were incubated in 4°C fridge for one hour. To wash-off unbounded antibodies, the cells 

were then centrifuged and washed with 1mL DPBS for two times. Then, the mixed cells 

solution was diluted to 60cells/µL and injected into the microfluidic device. The device was 

imaged using an Olympus IX 73 invented fluorescent microscope (Olympus, Japan). Panorama 
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bright field and fluorescence images were taken by defining the imaging starting point and 

endpoint. 

4.2.6 Single-cell RT-qPCR  

To verify the preservation of genetic material in our proposed method, known number of 

MCF-7 cells were injected to the chip using a handheld pipette and then frozen quickly as 

mentioned above. The chip was peeled off from the substrate and the droplets were retrieved 

and transferred into a 200µL PCR tube under two conditions; 1) frozen droplet (by placing the 

chip on an ice block), 2) melted droplet. As a control, individual MCF-7 cells were isolated with 

serial dilution and assessed using the same PCR protocol. The cells were lysed, extracted, 

reverse-transcribed, and pre-amplified by NEBNext® Single Cell/Low Input complementary 

DNA (cDNA) Synthesis & Amplification Module (New England Biolab, Australia). Briefly, the 

cells were mixed with 0.5µL 10× lysis buffer, 0.25µL RNase inhibitor and 4.25µL nuclease-free 

water and incubated at room temperature for 5 minutes. Then, 1µL of Single Cell RT Primer 

Mix and 3µL of nuclease-free water was added into the lysed cells and was incubated at 70℃ 

for 5 minutes to synthesise first-strand cDNA. To make cDNA strands for PCR, reverse 

transcription was carried out by adding 5µL Single Cell RT Buffer, 1µL Template Switching 

Oligo, 2µL Single Cell RT Enzyme Mix and 3µL nuclease-free water into the lysed cells. The 

solution was then incubated at 42°C for 90 minutes and 70℃ for 10 minutes. Lastly, in order 

to increase the amount of cDNA for detection with RT-qPCR, cDNA pre-amplification was 

performed with adding 50µL Single-Cell cDNA PCR Master Mix, 2µL of Single Cell cDNA PCR 

Primer and 28µL of nuclease-free water to reach a final volume of 100µL. The sample was 

then incubated in thermal cycler.  

Then, RT-qPCR was performed with HER2 and GAPDH (Life Technologies, Australia) primers 

to confirm the loss of genetic material of cells. Briefly, PCR was performed with SuperScript® 

III Platinum ® SYBR® Green One-Step qRT-PCR Kit (Invitrogen, Australia). 25µL of Master mix, 

1µL of Taq Mix, 1µL of forward and reverse primers, 2µL of samples and 20µL of nuclease-

free water was added into the PCR well plate (Biorad clear well PCR plate; HSL9601) to make 

a final volume of 50µL. The CFX96 Touch (Biorad, Australia) thermocycler was set following 

the manufacturer’s guideline. Enzymes were activated at 95℃ for 5 minutes, and the 

following cycle was repeated for 40 times: 15 seconds at 95℃, 30 seconds at 60℃, and 40℃ 
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for 1 minute (Table S1). The results were then analysed with CFX Maestro software (Biorad, 

Australia).  

4.2.7 Numerical simulation 

To better understand the flow behaviour of the fluid in our device as well as the heat transfer 

during the freezing and thawing process, numerical simulations were performed using ANSYS 

Fluent 2020R2 (ANSYS, United States of America) [139, 140]. The fluid flow was performed 

using a 2D and 3D laminar single-phase solver to understand the flow rate through the trap 

opening compared to the main channel. Boundary conditions, including inlet velocity, were 

assigned similar to the real-case scenario, as mentioned in the result and discussion section. 

Furthermore, for the heat transfer, a 3D dimensional transient analysis was performed on a 

single droplet with the size and shapes of our chip with a 1.5mm glass base and PDMS on the 

3 other sides. The bottom face of the glass was set at a constant temperature of -80°C, and 

the droplet was initially set at 23°C. Phase transitions were not taken into account as the main 

focus of this study was to understand the rate of heat transfer during the freezing process 

[141]. Fluid properties of the water were set as water density = 998kg/m3, dynamic viscosity 

= 1.002×10-3 thermal conductivity = 0.5W/m.K, heat capacity at constant pressure = 

4218J/kg.K. 
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Figure 4.1 – Single cell capturing and retrieving in SDA (a) Schematic illustration of the workflow 

developed in this study for single cell retrieval using a static droplet array (SDA) microfluidics. The cells 

were then retrieved for single cell RT-qPCR in this paper. (b) Picture of actual PDMS device which is 

filled with the red food dye. The close-up views show the architecture of the device, localisation 

indices and a single cancer cells which is stained with DAPI and anti-CK antibodies. 

 

4.3 Theory of static droplet array 

The channel dimensions (170-800μm) and operating flow rates (10-90μL/min) results in a 

laminar flow regime across the device, which is a key operating parameter for effective cell 

trapping. A Reynold’s number of 2.9 was calculated for this chip, which refers to a laminar 
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flow by Re=ρuDh/µ, where ρ is density of the fluid, u is the mean velocity of the fluid 

(calculated by flow rate/cross section area), Dh is the hydraulic diameter of the channel, and 

μ is the dynamic viscosity of the fluid. In this case, the fluid density and viscosity were 

estimated with the values of PBS. The larger inlet dimension of side chambers forces majority 

of the fluid to fill the chambers first due to the lower resistance of this pathway. Injection flow 

rate plays an essential role in the behaviour of fluid and performance of this device. The 

subsequent pressure drop (due to resistance) across a pathway is caused by friction and fitting 

losses. Friction losses are dependent on the flow regime and length of the channel, and fitting 

losses can be described by 𝑃𝑑𝑟𝑜𝑝 =
1

2
𝜌𝑉2𝐶; where 𝜌 is the density, 𝑉 is the fluid mean 

velocity, and 𝐶 is the pressure drop coefficient obtained experimentally and is dependent on 

geometrical features of the channel (not the flow velocity) [142]. In parallel fluidic networks, 

the flow rate across each pathway is adjusted based on their resistances, in a way that total 

energy loss over each of the pathways is equal. Therefore, lower resistance of the side 

chambers compared to the main channel allows the liquid to fill the pockets first, and once 

the pockets are full, the liquid flows through the main channel to the next pair of pockets. 

However, at higher velocities (flow rates), the bending resistance (pathway to side chambers) 

increases that might result in all the fluid travelling through the main channel (i.e., side 

chambers remain empty). The 10μm air gap designed at the end of each chamber allows air 

to escape but stops the liquid from proceeding by utilising surface tension properties of the 

media-air interface on a hydrophobic channel [143]. This phenomenon is often referred to as 

bursting pressure which provides a large enough pressure barrier for the chamber pathway 

that the rest of fluid would favour moving along the main channel, to the next empty pockets 

and hence, no other cells would enter the filled chambers. The bursting pressure is highly 

dependent on the fluid viscosity, fluid surface tension, channel material and dimensions. 

Bursting pressure in a channel can simply be found using 𝑃𝐶𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 =
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑇𝑒𝑛𝑠𝑖𝑜𝑛 𝐹𝑜𝑟𝑐𝑒

𝐴𝑟𝑒𝑎
=

𝜎𝑐𝑜𝑠𝜃×𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 

𝐴𝑟𝑒𝑎
, where 𝜎 is the surface tension constant of the liquid-air and 𝜃 is the contact 

angle which is 107° for PDMS [142, 143]. In this case, the air gap provides a minimum of 4600 

Pa pressure barrier. Once the chambers are filled, other cells in the fluid do not enter the 

chambers. Considering that cells only enter while the chambers are being filled, the trapping 

rate across device remains unchanged as the fluid flows through the device. The particle-

particle interaction was ignored in this experiment for two reasons: firstly, the particle to 
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particle interaction created by Brownian effect is negligible when the diameter of the cells 

and beads is bigger than 1-2μm. Secondly, the concentration of cells and beads are too low 

to create an influential interaction [144]. 

 

4.4 Results and Discussion 

4.4.1 Device performance - trapping  

In order to characterise the device performance, we first used 15µm fluorescent polystyrene 

beads during the design process to mimic the trapping behaviour of cancer cells. Once the 

design was finalised, the device performance was optimised using MCF-7 cells. The effect of 

different flow rates and cell concentration on the trapping efficiency of the device was 

investigated. As shown in Figure 4.2 (a), the experimental results have shown the single cell 

occupation follows Poisson distribution trend line, for instance at the sample concentration 

of 50cells/µL (1cell/20nL) the single cell encapsulation rate was recorded at 32% (average of 

80 single cells trapped out of 250 injected cells). Furthermore, the single cell encapsulation 

can be increased up to 88% by lowering the sample cell concentration to 5cells/µL (average 

of 22 single cells trapped out of 25 cells injected). The single-cell encapsulation results were 

repeated a minimum of 5 times to minimise the potential experimental errors and the 

associated variability of the results are shown in the figures based on the standard deviation. 

Generally, lowering the injection concentration would significantly increase the single cell 

encapsulation rate; however, it would result in greater number of empty chambers.  Also, it 

is noteworthy that greater number of cells could be processed by increasing the number of 

traps and/or running multiple devices in parallel, especially for potential integration of the 

proposed workflow for clinical pipelines.  

Besides, as shown in Figure 4.2 (b), no major difference was found on the capturing rate by 

adjusting the flow rate, given the flow rate stays within the operational limit (up to 90µL/min) 

of the device and does not cause leakage in the system (considering the temporary binding). 

Also, the injection via a handheld pipette showed similar capturing rate which indicates the 

independency of this device on specialised equipment for sample injection, such as syringe 

pumps. Furthermore, To lower systematic losses during operation of our SDA, a minimum of 

5µL of the solution was injected, just to cover volume of the pockets (4.8µL). The 5µL injected 
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sample would fill more than half of the chip, which then air was injected to push the remaining 

of the sample from the main channel to fill the remaining pockets. Once all chambers are 

filled, any excess solution (if more than 4.8µL) could be collected from the outlet.  

To further explore the potential of using this device for single-cell analysis of rare cells, we 

injected MCF-7 and THP-1 cell lines in a ratio of 1:100 to mimic the scenario of CTC isolation 

post enrichment from peripheral blood, based on previously published works of our research 

group [35, 145-147]. First, the harvested cells were stained using DAPI, anti-cytokeratin and 

CD-45 and then a mixture of both cell types was made at the optimum concentration. Then 

5µL of the sample was injected to our device (consisting of ~297 THP-1 cells and 3 MCF-7 

cells), and we observed average of 92 cells were captured individually (38.3% ± 2.0%, N = 3). 

Generally, the washing steps involved in CTC enrichment is highly optimised to remove most 

debris and soluble proteins to a level which cells are well identifiable from background noise 

under fluorescent microscope. As shown in figure 4.2 (c), two traps were found to contain 

MCF-7 cells, which one was a singlet, and the other two were trapped in a double-occupancy 

chamber (with a THP-1 cells). This illustrated the potential of using our proposed workflow to 

analyse rare cells at single-cell resolution. It is also worth mentioning that increasing the 

number of pockets and consequently lowering the cell concentration would allow for a more 

efficient analysis (increasing the single-cell trapping rate) within a single device. 
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Figure 4.2 – The SDA device performance for trapping cells. (a) & (b) Single-cell capturing rate of the 

device with respect to cell concentration and flow rate to find the optimum capture rate of this device. 

It was found that at 5k cells/mL the single cell capture rate of the device was the highest, about 88% 

of cells were captured individually. The flow rate plays a smaller role in single cell capture rate, at 

5k/mL concentration the variation of capture rate was trivial and there was no significant difference 

between handheld pipette injection and syringe pump injection. (c) Device performance tested with 

MCF-7 and THP-1 cell lines, in a 1:100 ratio (92 single cell were trapped). The green circles on traps 

were drawn manually to indicate the position of cells. 5 traps were shown with higher magnification 

for better illustration of the single and double occupied traps. No cell was found to stick to the main 

channel, inlet, and outlet of the device. 

4.4.2 Retrieval through quick freezing 

When analysing rare cells (including CTCs), current single cell isolation methods (e.g., 

micromanipulation, FACS, LCM and droplet barcoding) are constrained by the low input cell 

number processing and hence suffer from low yield, high cost, damage to cells, poor 

repeatability, and over-reliance on operator skills. Besides, these platforms do not allow for 

collection and monitoring of live single cells for on-chip studies. To overcome 
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abovementioned challenges of single-cell devices, we developed a simple and stand-alone 

approach for retrieval of single-cells based on a low-cost SDA microfluidic device that is 

capable of isolation and on-chip analysis of single cells. 

The retrieval is done through freezing the temporary bonded SDA device against a glass or 

parafilm substrate, followed by a peel-off step. The freezing step allows all frozen droplets to 

stick to the surface with a greater hardness – i.e., using glass as substrate results in frozen 

droplets to stick to the glass while parafilm substrate allows the droplets to stick to the PDMS 

chip. Once the chip is peeled off, we covered the surface with oil to avoid merging or 

evaporation of droplets during the retrieval process. Then droplet of interest would be picked 

up using a handheld pipette and transferred to a PCR tube for downstream analysis. The 

entire process can take less than 15 minutes from injection to retrieval of the cell of interest. 

For a better illustration, food dye and dextran were used in Figure 4.3 (a) and (b) to show the 

freezing process and droplet retrieval using this method. -80°C freezer could be used for rapid 

freezing (~5 minutes) or long-term storage of the chip. Furthermore, Figure 4.3 (c) and (d) 

show the fluid flow and heat transfer of the proposed approach during the injection and 

freezing process through computational fluid dynamic simulation. An average cooling rate of 

0.3°C/s was obtained with most of the heat transfer occurring through conduction of the 

1.5mm glass substrate. 

In terms of user-friendliness during retrieval, glass substrate allows easier handling of the chip 

throughout the injection process due to its rigidity, while parafilm substrate allows an easier 

pick up since the droplets stay on the chip and geometrical features of the trap (arms) assists 

with keeping the droplet in its original space even if melting occurs. To further enhance this 

method, we designed an SDA device with the same trap shape and size, but with 2mm spacing 

between each trap to avoid droplet merging during the pickup process. The new device was 

fabricated using a 3D printer, as explained in materials and methods section, and consisted 

of 88 traps in total in a 15mm by 35mm moulding area (figure 4.4(a)). The droplets generation 

process was recorded in Movie S4, showing the same droplets formation theory in this spaced 

chip.  
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80°C freezer. The viability was investigated by imaging the chip before freezing and after 

thawing, using live and dead cells staining. As shown in figure 4.4 (b), all cells frozen without 

DMSO were dead after thawing, and no cells could maintain the shape. In the 1% DMSO 

groups, none of the cells exploded due to water crystal formation, but the viability of the cells 

was low compared to the other DMSO groups. It was shown that the post-thawing viability is 

directly proportional to the DMSO concentration and a maximum viability of 86% (N = 5) was 

recorded when 10% DMSO was used.  It is worth mentioning that in our previous works, we 

have shown the cell viability is not affected during the injection and trapping due to the low 

operational pressure of the device and minimal stress being applied through hand injection 

of cell solution via a handheld pipette. Also, the potentials of culturing cells in the device over 

48 hours period with less than 5% drop in cell viability were shown [143, 149].   

4.4.3 RNA analysis through RT-qPCR 

To show the applicability of our method for single-cell molecular analysis, we performed 

single-cell RT-qPCR of some major genes such as GAPDH (housekeeping gene) and HER2 

(epithelial marker). Although through the freezing process the cells would naturally burst, but 

the RNA content will be preserved in the frozen droplets which can be retrieved. Therefore, 

we investigated the amount of RNA retrieved from (1) frozen and peeled-off chip placed on 

ice block where the frozen droplets were picked before melting occurs, (2) frozen and peeled-

off chip placed on bench and picked up after melting occurred. We compared the retrieved 

RNA content of both cases to a fresh cell in a tube. Figure 4.4 (c) and S4 show the RT-qPCR 

results and the Cycle of Threshold (Ct) value of GAPDH and HER2 in the fresh single-cell were 

26.16 and 31.06 (N = 3), in comparison with a single cell of the frozen droplet sample that 

were 27.28 and 32.43 (N = 3). The single cell of the melted droplet sample showed a Ct value 

of 33.23 and 39.06 (N = 3), respectively, while there was no Ct value for the negative controls. 

By comparing the (Ct) values across both genes, we observed a similar amount of RNA 

detected in the frozen and fresh sample, while a significant loss occurred when the droplets 

were melted. Once the droplet melts, some of the RNA content would attach to the surface 

of the chip which would not be recovered. The ice block allows extra time for handling and 

pick up of the cell without causing the droplets to melt. While the Ct values do not indicate 

the actual concentration or copy number of the genetic material content (i.e. RNA), but the 
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transferred to a tube for the synthesis of cDNA and downstream molecular analysis of the sample at 

a single cell resolution. 

As a proof of concept, we designed a 20×20 nL and a higher throughput version of 336×20 nL 

pocket/trap devices (Figure 4.6 A, B and C) incorporating SDA on a hydrophobic surface. It is 

noteworthy that SDA devices with greater numbers of traps and different trap volumes can 

be fabricated, as shown in previous sections (500×2.5 nL and 600×14 nL traps).[150] This 

flexibility in manufacturing of SDA devices with different trap quantity and volume that can 

be easily operated with standard laboratory pipette provides us with a robust manual single-

cell isolation method with no loss for rare cells analysis. The volume of each droplet generated 

by the chip is 20 nL, while can still be visualised without using a microscope. The pockets were 

designed 2 mm apart allowing for manual lysis of cells without mixing with adjacent droplets. 

Also, a micromanipulator could be combined with the SDA system as a method of cell lysing 

when an automated platform is required, which can allow for lower spacing between traps. 

It is important to note after allowing 5 minutes’ sedimentation time and the peeling-off the 

SDA device, the droplets tended to attach to the SDA chip due to the higher hydrophobicity 

of the substrate. To overcome that issue, we used a thin layer of superhydrophobic material 

on SDA channel, which ensure to keep droplets on the substrate surface after the peeling-off. 

After lysing single cells (ACH-3P), RNA extraction and cDNA synthesis, real-time PCR for KRT-

7-FAM, GAPDH-HEX for single cells with two negative controls (PCR clean water, RNA 

template) were performed. Although ddPCR and pre-amplification are compatible with our 

SDA approach, we used an ultra-sensitive probe-based real-time PCR kit (QuantiNova; 

Qiagen) that is able to accurately detect rare targets down to one copy without applying pre-

amplification step to simplify our analysis method. In our proof-of-principle study, we 

demonstrated the ability to recover the cell lysate using SDA chip and 2 µL pipette as well as 

performing real-time PCR for the detection of single-cell RNA expression without pre-

amplification step.  

As shown in Figure 4.6 (D and E) the Ct values of KRT-7 and GAPDH in the lysed single cell 

were 35.53±0.6 and 29.78±0.7 compared to collected single cell that were 34.31±0.2 and 

28.68±0.3, respectively; Ct values were not detected in both negative controls. Although the 

Ct values do not reflect the absolute concentration and copy number of these mRNAs, these 

slight differences between Ct values (5 independent replicates) indicate a comparable 
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recovery of genetic materials from a single-cell lysed on our highly hydrophobic surface using 

SDA chip and 2 µL pipette to a single cell collected and lysed in a tube.  

Finally, to further demonstrate the ability of our SDA chip on a highly hydrophobic surface in 

capturing and isolation of rare cells for downstream analysis, we mimicked a rare cell sample 

post enrichment and injected into our high throughput SDA device (336 pocket device). As 

per our previous research findings for CTC[151] and CFC[152] isolation using inertial 

microfluidic device, about 1-10 cells of interest are enriched among 1000-2000 WBCs in 1 mL 

of patient’s blood. Using the similar ratio, we mixed stained THP-1 cell line (anti-CD45) to 

represent WBCs with stained BeWo cell line (Anti-Pan-Cytokeratin) as rare cells in a ratio of 

1:100. We first injected 7 µL of cells mixture at the concentration of approximately 60,000 

cells/mL (total of ~400 cells, 4 BeWo cells among 396 THP-1 Cells) into our device, and 

observed an average single cell capturing rate of 38% (over 5 injections). Among the captured 

single cells, 1.4 ± 0.55 BeWo were successfully isolated individually (Figure S2). Furthermore, 

given the scarcity, importance of rare cells and in order to improve the single cell capturing 

rate of the device, we lowered the concentration of the injected sample to 30,000 and 15,000 

cell/mL which significantly increases the average single capturing rate to 62% and 81%, 

respectively. It is worth mentioning, the lower concentration results in lower total cell 

injected in the system and hence requires more devices to process given number of cells. To 

overcome this, the device design can be further optimised to increase the total number of 

pockets, which can be achieved by lowering the spacing between pockets (e.g. 2 mm to 1 mm) 

and adjusting the height to width ratio of pockets. Overall, in the context of rare cells isolation 

and analysis (CFCs or CTC), after an initial enrichment, using our SDA chip on a hydrophobic 

surface not only comparts cells in a single cell droplet but also provides the opportunity to 

detect, lyse and analyse our desired single cells in rapid and simple way.  
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4.5 Conclusion 

Single cell analysis provides novel insights to answer comprehensive biological questions that 

fail to be solved by bulk sample analysis and reveals the heterogeneity among a 

subpopulation of cells. The number of techniques and instruments for single-cell analysis have 

been soaring in recent years and data generated from single-cell studies show significant 

potentials in revealing heterogeneity among the various biological system. However, the high 

cost and technical expertise required have hugely limited the use of single-cell devices, 

especially in clinical settings. Besides, current single-cell technologies are incapable of 

analysing rare cells (e.g., CTCs) at single-cell resolution in an efficient and cost-effective 

manner. We have demonstrated a simple, highly efficient, and cost-effective method for 

single-cell isolation, followed by fluorescence microscopy and molecular analysis using RT-

qPCR with minimal cell loss throughout the process by only using common laboratory tools. 

Nonetheless, the application of the proposed workflow is not limited only to molecular 

studies, and it enables the users to undertake various studies including cell secretion, drug 

testing, cloning, and culturing studies. Lastly, this methodology is applicable to all SDA devices 

and overcomes the challenge of cell retrieval after injection [143, 153, 154]. The method we 

reported here provides a simple and effective procedure for obtaining multiplexed visual and 

molecular analysis in the single-cell level by using common laboratory tools. Although our 

droplet retrieval method is simple and overcomes shortcomings of previously proposed 

methods, the total number of static droplets in the device should be maximised before it can 

be integrated in real-case applications, including clinical settings. Besides, automation of this 

process, e.g. use of automated micromanipulators for labour-free transfer of cells, could 

provide significant advantages for the use of this workflow in clinical or research settings by 

lowering the human-error, minimising cell loss and/or increasing the throughput.  
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Chapter 5 – Rapid Metabolomic Screening of Cancer Cells via High-Throughput 

Static Droplet Microfluidics 

Summary 

Effective isolation and in-depth analysis of Circulating Tumour Cells (CTCs) are greatly needed 

in diagnostic, prognosis and monitoring therapeutic response of cancer patients but has not 

been completely fulfilled by conventional approaches. The rarity of CTCs and lack of reliable 

biomarkers to distinguish them from peripheral blood cells have remained as outstanding 

challenges for their clinical implementation. Herein, we developed a high throughput Static 

Droplet Microfluidic (SDM) device that is capable of isolating and classifying the number of 

metabolically active CTCs in peripheral blood at single-cell resolution. Owing to the 

miniaturisation and compartmentalisation capability of our device, we demonstrated the 

ability to precisely measure lactate production of different types of cancer cells. The SDM 

device is a simple and robust technology that can eliminate the need for specialised 

equipment and expertise required for single-cell analysis of CTCs and facilitate on-site 

metabolic screening of cancer cells. This chapter is under preparation for submission to the 

journal of Analyst as a communication journal*. 
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5.1 Introduction 

Cancer is a broad term for a group of complex diseases that involve abnormal and 

uncontrollable growth of a cell population with the potential to invade other body organs. 

Cancer’s rising prominence as the second major cause of death globally has demanded vital 

worldwide research to lessen the health and socioeconomic burden of this disease [21]. 

Research over the past several decades has shown that cancer arises from the transformation 

of normal cells into tumour cells via a complex multi-stage process as a result of the 

interaction between a person’s genetic factors with external agents [155, 156]. Among the 

hallmarks of cancer, the final step of the disease is generally the progression to metastatic 

cell dissemination and colonisation of distant organs, a process that accounts for more than 

90% of cancer-associated mortality [25]. During metastasis, cancer cells of the primary 

tumour locally invade surrounding tissues, enter lymph and blood microvasculature 

(intravasation), translocate mainly via the bloodstream to microvessels of the distant tissue 

and lastly exit the bloodstream (extravasation) to penetrate and facilitate proliferation for the 

formation of a secondary tumour (colonisation) [157]. Thus, early diagnosis and treatment 

play a vital role in the effective management of cancer. However, cancer is difficult to 

diagnose at early stages, and choosing the right treatment often requires invasive collection 

of tissue biopsies from cancer patients. Obtaining tissue biopsies is associated with many 

difficulties including discomfort for the patient, clinical risks, surgical complications, and 

economic considerations [158, 159]. Additionally, some tumours are not accessible which 

complicates or disallows the chance of taking biopsies from the patients. Therefore, 

alternative approaches for the diagnosis, monitoring and prediction of cancer, such as liquid 

biopsy, have attracted significant attention lately [160, 161].  

Circulating tumour cells (CTCs) are the cells that disseminate from a primary tumour and shed 

into the bloodstream. CTCs are known to be the major precursors of cancer metastasis [26]. 

CTCs travel in single and cluster formats and must survive from trauma, oxidative stress and 

immune system attacks in the vascular system to enable metastasis [26-28]. CTCs have a 

similar genotype and phenotype as the primary tumour and can be used as an alternative 

strategy for disease diagnosis, prognosis and monitoring treatment efficacy [29]. Besides 

characterising CTCs, it has been proven that the number of CTCs found in patients’ blood 

correlates directly with the disease progression and survival rate [30, 31]. Overall, 
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management of cancer via assessment of CTCs in blood samples is far less invasive than taking 

tissue biopsies, allowing repetitive sampling and monitoring patients’ responses to 

treatments [32]. However, CTCs are exceedingly rare compared to peripheral blood cells, such 

that one CTC can exist among billions of blood cells [33]. Although erythrocytes can be 

removed simply by osmotic cell lysis, leukocytes share common physical, chemical and 

biological properties with CTCs [34]. Hence, isolation and characterisation of enriched CTCs 

are proven to be a tedious task [35-39].  

CTC enrichment methods are mainly categorised into immunoaffinity- and physical property-

based approaches [124-127]. Briefly, immunoaffinity methods utilise the surface markers of 

CTCs to separate them from peripheral blood cells, and physical-based approaches use 

differences in size, shape, deformability and density of CTCs to separate them [162]. While 

both approaches have their own advantages and shortcomings, they all rely on 

immunostaining to confirm the identity of CTCs or utilisation of sophisticated single-cell omics 

technologies to assess the molecular and functional characteristics of CTCs [47, 163]. 

However, enrichment approaches are often incapable of capturing all CTCs which have 

no/low level of specific surface biomarkers or those that share similar physical characteristics 

to white blood cells [42, 164]. Despite the enrichment method, isolation and identification of 

CTCs are usually labour-intensive, time-consuming and costly [4].  

In the 1920s, Otto Warburg first discovered the increased lactate production as the result of 

increased glycolysis in cancer cells which results in acidification of tumour environment [165, 

166]. Additionally, acidification of the cancer environment has been observed in 

tumorigenesis and increasing acquisition of more metastatic phenotypes [34, 167]. While 

acidification of the tumour microenvironment has been well reported in the past decades, 

few studies have shown the potential of monitoring metabolic activity and lactate production 

of single cells for detection of CTCs and cancer-associated stromal cells [34, 168]. The concept 

relies on fractionation of liquid down to picolitre droplets for encapsulation of single cells, 

where the glucose uptake and excessive lactate production of the tumour cells result in rapid 

acidification of the tiny droplet environment which may be monitored via pH sensitive 

fluorescent dyes. Furthermore, the study by Rivello et al. has shown the importance of 

capturing and quantifying the number of circulating stromal cells, given their crucial role in 

cancer metastasis [168]. In fact, the authors showed the inability to capture these cells via 
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conventional immunoaffinity-based approaches, and yet emphasized the importance of 

studying single-cell metabolism of cancer patients. 

To effectively fractionate liquid into tiny segments, droplet microfluidic devices are commonly 

used. These rely on their unique ability to precisely handle tiny volumes of liquid and create 

mono-sized water-in-oil droplets by mixing two immiscible fluids [83]. Although droplet 

microfluidics provides a unique opportunity for the detection of CTC without relying on 

specific biomarkers, they suffer from high sample loss, expensive setup costs and operational 

complexity, which limits the clinical applicability of these devices [5]. Additionally, besides the 

technical expertise required, droplet generators require expensive instruments (e.g., 

syringe/pressure pumps) and reagents (e.g., synthetic surfactant in fluorinated oils). 

Ultimately, droplet generators face difficulties in fractionating small sample volumes due to 

the initial stabilisation time needed to operate the system [4]. In summary, despite the 

benefits of using droplet microfluidics for monitoring the metabolic activity of cancer cells in 

peripheral blood, its drawbacks limit the accessibility of this approach for general laboratories 

and clinics.  

To overcome the abovementioned challenges, in this work we developed a simple and robust 

workflow for enrichment, isolation and detection of highly metabolomic active cancer cells 

from blood within 40 minutes of sample collection. Our workflow includes a size-based 

enrichment of cancer cells from peripheral blood cells using inertial microfluidics, previously 

developed by our research group [146], followed by isolation of single cells using a novel 

arrow-shaped Static Droplet Microfluidics (SDM) capable of fractionating liquid into 125pL 

droplets (Figure 5.1A). The SDM device was used to monitor the metabolic activity of each 

cell using a pH-sensitive fluorescent dye which is an ideal candidate for robust detection of 

highly metabolic cancer cells. Our SDM device is simply operated via a standard handheld 

pipette, eliminating the need for costly equipment/reagents or skilled operators. In this work, 

we characterised the functionality of the SDM device to monitor and quantify metabolic 

activity down to a single-cell level using different cancer types, showing their excessive 

production of lactate compared to human leukocytes. We show the clinical applicability of 

the proposed workflow for detection of spiked cancer cells in human healthy blood, and lastly, 

and we demonstrate its diagnostic potential using pre-clinical blood samples from mouse 

models of cancer with differential metastatic properties.
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shows the architecture and key features of the PDMS device. C) Working principle of SDM device within three simple steps of i) sample injection, ii) droplet 

formation and iii) metabolomic screening via pH sensitive dyes. 
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5.2 Materials and Methods 

5.2.1 Device Design and Fabrication 

The SDM devices were produced via photo and soft lithography. Firstly, the microfluidic 

patterns were designed using AutoCAD software (AutoDesk, USA). The lower throughput SDM 

devices were fabricated via a mask-less lithography approach using μPG101 machine 

(Heidelberg, Germany). Briefly, silicon wafers were prepared and spin-coated with a uniform 

layer of 35μm thickness of SU8-2050 (MicroCehm Co., USA), soft-baked, and ultraviolet 

exposed, baked post-exposure, developed and hard-baked according to the manufacturer’s 

guidelines. Lastly, salinisation was done using trichloro (1H, 1H, 2H, 2Hperfluoro-octyl) silane 

(Sigma-Aldrich, Australia) in a pressure desiccator for 2 hours under vacuum to produce a 

hydrophobic coating layer on the master mould. It is noteworthy that exposure settings of 

μPG101 machine, including power and focus of the laser writer, were optimised to achieve 

the desired quality of final master mould.  

Once the mould preparation was completed, fresh polydimethylsiloxane (PDMS, Sylgard 184, 

Dow Corning, USA) was prepared by mixing elastomer and curing agent in a ratio of 10:1 and 

then degassed inside a vacuum desiccator to remove air bubbles. Then the degassed PDMS 

was slowly poured on the master moulds and cured for 1-2 hours at 65⁰C. Finally, the PDMS 

devices were cut from the mould and designed inlets and outlets holes were made using a 

0.75mm biopsy punch, and permanently bonded against a glass substrate using by plasma 

treatment and activation of both surfaces. 

In this work, two SDM devices were proposed as the final working prototype. First, a smaller 

device was designed containing 800 chambers with 125pL volume each, suitable for low-

throughput applications (Figure 5.1B). Similarly, second SDM device was a higher throughput 

version of the first one, containing 38,400 chambers with total working volume of 4.8μL, 

suitable for rare cell analysis.  

5.2.2 Device Loading and Operation 

Prior to sample loading, the inlet and outlet ports were covered with a scotch tape (3M, 

Australia) and the device was pre-vacuumed inside a desiccator for at least 30 minutes to 

remove air from the chip. In the lower throughput device, cell sample was suspended in 

pHrodo solution (Catalogue number: P35372, Thermo Fisher, US) at a concentration of 2000 
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cells per μL of liquid, and then 1μL of sample gets injected into the device via a handheld 

pipette. For the injection of the sample, simply the inlet tape is pierced via the pipette tip 

which allows the liquid to be aspirated automatically into the device, due to the negative 

pressure inside the channels. This eliminates any potential operator error in the injection 

step. After removing the inlet and outlet tape, the excess liquid is then removed from the 

outlet port and replaced by mineral oil for incubation (Figure 5.1C).  

Similarly, the higher throughput device is used to process entire CTC enriched sample. As 

shown in Figure 5.1A, the blood sample is first enriched for CTC based on size, using our 

previously developed slanted spiral microfluidic device operated at 1.7mL per minute [146]. 

The enriched sample is collected and centrifuged at 400×g for 5 minutes. The supernatant 

was replaced by 5μL of pHrodo dye. The sample is then resuspended thoroughly. To simplify 

the process and minimise any potential sample loss, first about 4-5μL of mineral oil is 

aspirated using a 10μL pipette and then the entire 5μL of pHrodo solution is aspirated inside 

the same tip. The oil plug inside the tip and above the sample eliminates the need for the 

sheathing step. Prior to injection and piercing the inlet tape, it is recommended to avoid 

having any air bubble underneath the sample, inside the pipette tip. Following this allows the 

device to automatically remove the interconnecting liquid in the main channel and generate 

the droplets in one step. If required, extra oil can be injected to fully cover inlet and all 16 

outlet ports. As shown in Figure 5.1C, we have designed an evaporation control channel along 

with 3 control SDM units used as blank PDMS, DPBS control and pHrodo without cells. The 

controls were used for image analysis and normalisation purposes. Lastly, the evaporation 

control channel is filled with DPBS (Gibco, Australia) to avoid any undesired evaporation of 

droplets. After 15 minutes of incubation at 37⁰C, the device is imaged using a fluorescent 

microscope and the image is then analysed as described in the “SDM Imaging and Analysis” 

section. A detailed operational video of low- and high-throughput devices are provided in the 

Supplementary Movie S1 and S2.  

5.2.3 Cell Culture and generation of syngeneic mouse models of breast cancer 

Human prostate cancer cell line, DU145, breast cancer cell line, MCF-7 and MDA-MB-231, 

were cultured in complete media made of RPMI media (Gibco, Australia) with 10% foetal 

bovine serum (FBS) (Gibco, Australia) and 1% Penicillin-streptomycin antibiotics (Gibco, 

Australia) in T-25 flasks (Corning, Australia). The cells were passaged at 80% confluency, and 
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the seeding density was about 0.7 × 106 cells. The 67NR and 4T1.2 mouse cell lines were 

culture in RPMI media supplemented with 5% of FBS at 37⁰C with 5% CO2. Cells were split 

when 70-80% confluence was reached. After one week of culturing, both cell lines were 

trypsinized and resuspended in DPBS (Gibco, Australia) for the generation of the syngeneic 

mouse models of 67NR and 4T1.2. Briefly, 50,000 cells for the 4T1.2 model, or 20K cells for 

the 67NR, were injected into the mammary gland ducts of Balb/c mice.  The surgery was 

carried out on anaesthetized mice (2.5-4% Isoflurane at 1L/minute oxygen rate) by cutting the 

inguinal nipple and injecting the cells directly into the mammary ducts in a volume of 4l with 

0.1% Trypan blue dye (Gibco, Australia). 

5.2.4 Healthy Human Blood 

Blood samples were obtained from healthy volunteers through Australian Red Cross (Material 

Supply Agreement no: 21-01NSW-04). A total of 20 blood samples from healthy volunteers 

were used. All blood specimens were collected in EDTA-contained vacutainer tubes (BD, 

Franklin Lakes, NJ, USA) and lysed via the RBC lysis buffer (BioLegend) prior to processing on 

chip. For each experiment, a known number of cancer cells were spiked in the fresh blood 

samples of the healthy donors and procedure described in “Device Loading and Operation” 

section was followed.  

5.2.5 Immunofluorescence Staining  

In order the confirm the cell content inside droplets, cancer cells were stained with Hoechst 

(16.23 mM) (Sigma-Aldrich, USA). Briefly, harvested cells were centrifuged at 400×g for 5 

minutes inside a 1.5mL Eppendorf tube (Eppendorf, Germany). The supernatant was removed 

and cells were suspended in 2μL of Hoechst and 98μL DPBS per 104 cells. After 10 minutes of 

incubation at 37⁰C, the sample was washed twice with DPBS prior to suspension inside 

pHrodo solution (Figure 5.2A).  

5.2.6 Numerical Simulation 

To better understand the flow behaviour inside our SDM device, numerical simulation was 

carried out using ANSYS Fluent 2020R2 (ANSYS, US). To lower the computational load, the 

device was simulated using a 2-dimensional k-ε turbulence model (Figure 5.2B). A transient 

and multi-phase solver was used to observe the filling of the device. Boundary conditions 

were assigned similar to real-case scenario where the inlet was defined as a pressure inlet, 
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set at atmospheric pressure, the fluid domain and PDMS boundaries were set at -100kPA to 

simulate the vacuumed device. The primary fluid phase was set as water with default 

properties, including density = 998 kg/m3 and dynamic viscosity = 1.002×10−3. Similarly, the 

secondary phase was set as air with density = 1.225 kg/m3 and dynamic viscosity = 1.7894×10-

5. 

5.2.7 SDM Imaging and Analysis 

After incubation the SDM device was imaged using an Olympus IX 73 invented fluorescent 

microscope (Olympus, Japan) and 10x magnification lens. The bright field and fluorescence 

images of the whole SDM device were taken automatically by defining the required setting, 

imaging starting point and endpoint. 

The image analysis workflow is shown in Figure 5.2C. The fluorescent intensity of the droplets 

was obtained through ImageJ software. Horizontal rectangular sections were drawn across 

the droplets of each row to plot the average intensity of each pixel. The intensity profile was 

then exported and denoised using MATLAB software where the local maxima and minima 

were identified. Each local minima point is representing the PDMS boundary between 

pockets, while the local maxima represented the intensity of each droplet. Finally, intensity 

data were normalised against the PDMS control and plotted as folds of difference between 

droplet intensities. During device characterisation, to fully understand the metabolic activity 

of cells, the fluorescent intensity was matched with the cell occupancy of each droplet which 

was confirmed using Hoechst staining. 

5.2.8 Oestrogen Deprivation of MCF-7 Cells 

In order to achieve oestrogen deprived MCF-7 cells, a cell batch was cultured in phenol-red-

free RPMI media (Gibco, Australia) supplemented with 10% dextran charcoal-stripped Foetal 

Bovine Serum (FBS), as described by Darbre et al. [169, 170]. For charcoal-stripping FBS to 

deplete hormones, we briefly incubated dextran-coated charcoal (Sigma-Aldrich, USA) at 4⁰C 

in 10mM HEPES, pH 7.4. Then, the solution was centrifuged at 500×g for 10 minutes. The 

supernatant was removed and replaced with the same volume of FBS. Lastly, the tube was 

vortexed to thoroughly mix the charcoal with serum and incubated at 4⁰C for 12 hours.  
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5.2.9 Preclinical Validation 

The mouse experiments were performed in biological testing facility at Garvan Institute of 

Medical Research under the approval of the St. Vincent’s Hospital Animal Ethics Committee 

(AEC) #19/02 (previous) and AEC #22/03 (current). Blood was collected from breast cancer 

mouse models at endpoint, mice bearing 67NR and 4T1.2 tumours were sacrificed 24-25 days 

after cell implantation and MMTV-PyMT mice were sacrificed at 100 days old, as previously 

described by Gallego-Ortega et al. and Valdes-Mora et al. [171, 172]. The blood was processed 

similar to the procedure described in the “Device Loading and Operation” section. Briefly, 

erythrocytes were removed via osmotic cell lysis and the sample was enriched for CTCs based 

on size using the spiral microfluidic device, followed by sample suspension in 5μL of pHrodo 

dye solution and was injected into the high-throughput SDM device. After 15 minutes of 

incubation, the entire device was imaged and analysed for metabolic activity based on the 

fluorescent intensity of each droplet. 
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variables including: 1) number of images to be processed, 2) value of “off threshold”, 3) 

“minimum droplet size” (in pixels) and 4) value of “on threshold”. 

with values of the entire row/column below the “off threshold” is equated zero. To eliminate 

“minimum droplet size” are eliminated. In the final step, an “on threshold” is defined and 

normalised against “off droplets”.
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initialisation step which image is converted into a matrix containing a single intensity value for each 

pixel. Based on the user inputs, the software performs gridding to isolate droplets from background 

pixels and conducts a denoising step to remove smaller size particles. After detecting the droplets, 

average intensity of each droplet is recorded, normalised and plotted on a chart where the user can 

export the on-droplet intensity values from the software.  

5.3.2 Image Analysis    

For an easier illustration and a pilot study, an image with dark background (with low intensity) 

and grey circles of different intensities were used to mimic the microscopic image of droplets 

(Figure 5.2A). As discussed earlier, after inputting the required variables, the program initiates 

by gridding the rows (Figure 5.2B) and columns (Figure 5.2C). If there were any smaller sized 

noise/autofluorescence particles, they get eliminated via size thresholding. In the next step, 

all droplets are shown on a chart based on their absolute intensity values (Figure 5.2D). At 

this point, the user defines an “on-threshold” and the program eliminates the off droplets 

and plots two charts of the absolute (Figure 5.2E) and normalised intensities (Figure 5.2F).  

Furthermore, an actual microscopic image was taken from a static droplet device used for 

screening metabolic activity of cancer cells [128]. As shown in Figure 5.3, the program 

successfully detects the diagonally/arrowed shaped droplets and plots the absolute and 

normalised droplet intensities. It is worth mentioning that diagonally shaped droplets would 

be among the most complex geometries for the program to detect due to its complex shape. 

Similar to Figure 5.2, each step is illustrated in Figure 5.3A-F for better showcasing the use 

case of the program in the real case scenario.  



–

“off threshold”. Setting “off threshold” would differ base
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of each droplet which can be used as a guide for the user to enter the “on threshold”. At this 

“on droplets” alo

“droplet_intensity_on” and “droplet_intensity_on_normalised” contain the values of the last 
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C) gridding columns, D) denoising and elimination of background noise, E) plotting the droplet 

intensities and F) illustration of the on droplets based on the threshold defined by the user. 

5.4 Results and Discussion 

5.4.1 Static Droplet Microfluidic: Concept Design and Development 

The ability to fractionate liquid into nano-picolitre segments via dynamic droplet microfluidics 

has revolutionised the single-cell analysis field [84]. But technical complications, including 

reliance on skilled operators, specialised equipment and costly reagents, have limited the 

clinical applicability of this method [4]. As an alternative approach, static droplets have been 

developed in recent years to overcome the abovementioned limitations [143, 149, 153, 154, 

173]. However, low-throughput and low-flexibility in down-sizing droplets (i.e., inability to 

generate sub-picolitre droplets) have remained a major barrier for these devices, only 

allowing them to be suitable for a limited number of applications that deals with small 

samples [4]. In contrast to the conventional static droplet devices and to overcome both the 

throughput and volume limitations, we investigated potential approaches for liquid 

entrapment without relying on fabricating an air vent inside each chamber. Initially, an in-

depth Computational Fluid Dynamics (CFD) simulation was conducted to explore the potential 

of filling the side chambers by providing a negative pressure inside the device prior to filling 

(Figure 5.2B).  Building on this understanding, several designs were fabricated and 

experimentally validated using pre-vacuumed PDMS devices. Both numerical and 

experimental simulations showed the devices are filled within a second, which facilitates 

rapid sample injection and fraction inside the chip. Among all, arrow-shaped static droplets 

were found to have the best filling while allowing a maximum number of droplets in a given 

area. As a result, in this work we developed SDM devices with different droplet volumes 

ranging from 5nL to 125pL to thoroughly investigate the potential of entrapping single cancer 

cells and consequently measuring their metabolic activity.  

5.4.2 Device and Workflow Optimisation 

In order to understand and characterise the SDM device, we studied and optimised different 

volumes of droplets, time of incubation and cell trapping characterisation based on the 

metabolic screening of the DU-145 cancer cell line using the pHrodo dye (a pH sensitive 

fluorescent dye). Throughout all the characterisation steps, the recorded fluorescent 

intensities were normalised against the base fluorescent intensity of PDMS boundaries as the 
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reference in each image. This allows a clear distinction between the PDMS boundaries, “off” 

droplets (droplets with no metabolically active cell) and “on” droplets (droplets with 

metabolically active cells). Also, this normalisation of recorded fluorescent intensities enabled 

a direct comparison of results across different cell types and occupancies by eliminating chip-

to-chip and batch-to-batch variations (Figure 5.2C).  

Volume Characterisation. Initially, we investigated the effect of droplet volume on the 

acidification rate of the droplets and consequently the fluorescent intensity emitted by the 

pHrodo dye. The concept relies on entrapping an individual cell inside a tiny droplet, where 

the excessive lactate production of the cancer cell results in acidification of the droplet that 

can be detected and quantified via pHrodo dye. Hence, the volume of each droplet plays a 

key role on the threshold of detection. To discover the optimum volume of liquid, as shown 

in Figure 5.3A, we tested 5nL, 1.25nL, 750pL and 125pL SDM devices. For the 5nL device, the 

mean fluorescent intensity of empty and single occupancy droplets was 1.497 ± 0.5860 and 

1.686 ± 0.5598, respectively. Similarly, the mean fluorescent intensity of the empty and single 

occupancy droplets in the 1.25nL device was 1.447 ± 0.2919 and 1.622 ± 0.4284, respectively. 

Additionally, the mean fluorescent intensity of empty and single occupancy droplets in the 

0.75nL device was 1.532 ± 0.2184 and 2.329 ± 0.2389, respectively. Lastly, the 0.125nL device 

indicated a mean fluorescent intensity of 1.458 ± 0.211 for the empty droplets and 2.828 ± 

0.7714 for the droplets with single cell occupancy. 

The results obtained from 5nL and 1.25nL devices indicated no clear distinction among empty 

and single occupancy droplets which is clearly observed in the box and whisker charts shown 

in Figure 5.3A. In contrast to the larger devices, sub-picolitre devices indicated a clear 

difference between the fluorescent intensity of empty and single cell occupancy droplets. The 

results matched with the hypothesis that smaller droplet volumes result in a lower limit-of-

detection due to faster acidification rate and higher effective concentration of the pHrodo 

dye. Therefore, the 125pL device was chosen as the optimum droplet volume throughout this 

manuscript.  

Time Characterisation. The incubation time of cells plays a key role in defining the threshold 

of detection. In order to understand the effect of time, we injected and incubated DU-145 

cells at 37⁰C over 15-, 30-, 45- and 60-minute periods inside the 0.125pL device, and the 
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results of the mean fluorescent intensity of the single cell occupancy droplets were 2.239 ± 

0.2791, 3.469 ± 1.558, 4.749 ± 1.673 and 5.644 ± 0.3293, respectively.  

As expected, with a longer incubation time, a greater difference between the empty and 

single-cell occupancy droplets was observed. Based on the results shown in Figure 5.3B, along 

with experimental observations, 15-minute incubation of the droplets is sufficient to 

effectively detect droplets containing cancer cells, and 30-minute incubation is most ideal for 

applications that involve quantification and/or comparison of metabolic activity of cells. 

Shorter incubation than 15 minutes often leads to a high signal-to-noise ratio and complicates 

the detection process. On the other hand, longer incubation than 30 minutes results in over-

saturation of the signals which does not allow for an appropriate quantification of the results.  

Cell Trapping Efficiency. Lastly, the cell trapping efficiency was optimised to achieve the 

maximum single-cell trapping rate. The lower cell concentration at injection resulted in a 

higher single-cell isolation rate and consequently a higher number of empty droplets. For this 

work, 5 concentrations of 2,000, 4000, 6000, 8000 and 10,000 cells per μL of liquid was tested, 

achieving a single-cell isolation rate of 86.8% ± 7.86%, 75.4% ± 7.71%, 64.8% ± 4.26%, 47% ± 

8.49% and 45.6% ± 7.42%, respectively. The single-cell isolation rates were calculated based 

on the number of cells encapsulated individually over the total number of injected cells. The 

cell occupancy of droplets follows a Poisson distribution, thus lower cell concentration leads 

to the highest single-cell isolation rate [5]. Our results indicate the highest single-cell isolation 

rate at the concentration of 2000 cells per μL.  

5.4.3 Classification of Cancer Cell Metabolic Activity at Single-Cell Resolution  

After understanding and characterising the SDM device and experimental parameters, we 

analysed and compared the metabolism of 3 different human cancer cell lines, including the 

prostate cancer cell line, DU-145, and breast cancer cell lines, MCF-7 and MDA-MB-231. Then 

the values were compared with healthy human white blood cells. The mean fluorescent 

intensity of empty, singlet, doublet and triplet+ occupancy of DU-145 cells were recorded as 

1.463 ± 0.2168, 2.493 ± 0.7957, 3.301 ± 0.4206 and 5.739 ± 1.377, respectively. Similarly, for 

the MCF-7 cells, a mean fluorescent intensity of 1.312 ± 0.1392, 1.843 ± 0.2437, 2.274 ± 

0.3831, 2.726 ± 0.557 were obtained for the empty, singlet, doublet and triplet+ cell 

occupancy droplets, respectively. Furthermore, MDA-MB-231 cells expressed a mean 

fluorescent intensity of 1.224 ± 0.1218, 1.822 ± 0.3225, 2.345 ± 0.3643 and 3.077 ± 0.8225 for 
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the empty, singlet, doublet and triplet+ cell occupancy droplets, respectively. Lastly, in order 

to compare the cancer cell line metabolic activity, white blood cells of healthy donors were 

encapsulated in the droplets. The results indicated no major differences across the metabolic 

activity of droplets containing one or more white blood cells, compared to empty droplets.  

The metabolomic screening of different cancer cell types in comparison with white blood cells 

indicated a clear correlation between cell occupancy and fluorescent intensity of the droplets 

(Figure 5.3C). While the normalised fluorescent intensity of the empty droplets across all 

experiments remained within a similar range of 1.224 to 1.447, the fluorescent intensity of 

droplets containing cancer cells was above a minimum mean value of 1.843. Within each 

cancer cell type, the higher cell occupancy corresponded with a higher fluorescent intensity 

of the droplets which further validates our hypothesis of the excessive glucose uptake and 

lactate production of cancer cells that results in acidification of their droplet environment. 

Interestingly, owing to the benefits of miniaturisation down to picolitres, the proposed SDM 

device is capable of precisely distinguishing between the metabolic activity of different cancer 

cell types. Based on the results shown in Figure 5.3C, DU-145 had the highest lactate secretion 

rate followed by MDA-MB-231 and MCF-7. Interestingly, these results is consistent with the 

lactate production measured by Lee et al., who also emphasised the importance of 

understanding the metabolic switch from aerobic mitochondrial oxidative phosphorylation to 

glycolysis of cancer cells which not only facilitates their survival and growth but also acquired 

invasiveness and resistance to chemotherapy induced apoptosis [174]. Additionally, the DU-

145 cells showed the greatest level of heterogeneity in terms of lactate production. In 

contrast to the cancer cells, white blood cells did not indicate any signs of droplet acidification 

within the experimental timeframe, regardless of the droplet cell occupancy. The ability to 

distinguish between droplets containing cancer cells versus white blood cells provides a 

unique opportunity to detect and characterise the metabolic activity of circulating tumour 

cells in peripheral blood, as one of the key applications of our device.      



–
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SDM device and corresponding denoised & normalised intensity profile, indicating droplets with 

metabolically active cells.  

5.4.4 Metabolic Classification of ER+ Breast Cancer Cells 

Oestrogens and oestrogen receptor alpha (ER∝) play a key role in development and 

progression of more than three-quarters of breast cancers [175]. Anti-oestrogen therapy is 

the mainstream treatment for ER+ breast cancer, however, a large proportion of patients 

eventually develop resistance to this treatment [176]. Thus, the ability to precisely monitor 

metabolic activity of breast cancer cells might have clinical implications such as monitoring 

patient’s treatment efficacy. To explore the potential application of the SDM device for 

metabolomic screening of breast cancer cells, we investigated the effect of oestrogen 

deprivation of MCF-7 cell line on the secretion rate of lactate at single-cell resolution. MCF-7 

cells were oestrogen deprived for a week in phenol-red free medium with charcoal-stripped 

foetal bovine serum. The metabolic activity of the oestrogen deprived cells were screened at 

single-cell resolution and compared it to a control group of MCF-7 cultured simultaneously in 

complete medium. As shown in Figure 5.4A and 5.4B, oestrogen deprived MCF-7 group had a 

minor metabolic activity with a mean fluorescent intensity of 1.823 ± 0.2973 and 2.136 ± 

0.3175 for the empty and single-cell occupancy droplets. It is noteworthy that a mean cell 

viability of 78% ± 2.97% was observed among the oestrogen deprived MCF-7 groups. Besides, 

the metabolomic activity of the normal MCF-7 group was recorded as 1.407 ± 0.2066 and 

2.983 ± 1.406 for the empty and single-cell occupancy droplets.  

Using our SDM device we were able to classify the metabolic activity of the ER+ MCF7 cell line 

in response to oestrogen. Based on the obtained results, the ability to precisely monitor and 

measure the metabolic activity of cancer cells, would potentially allow for clinical utilisation 

of the proposed SDM device as a scalable technique to assess the effect of anticancer 

therapies that result in differential metabolic activity across different cancer types.  

5.4.5 Metabolic Classification of CTCs in Blood Samples 

In order to assess the applicability of our SDM device for the detection of CTCs from peripheral 

blood, we developed a high-throughput SDM device containing 38,400 droplets with 125pL 

volume each. Based on our previous studies on CTC enrichment using inertial microfluidics, 

typically a range of 1-10 CTCs are found among 1,000-2,000 leukocytes in 1mL of a cancer 

patient’s blood [146]. To mimic this scenario, we spiked a different number of Hoechst-
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stained DU-145 cancer cells in 5mL of healthy human blood. Blood erythrocytes were 

removed via osmotic cell lysis and the sample was enriched based on size for CTCs using a 

spiral microfluidic device [146]. The CTC-enriched fraction was then centrifuged, resuspended 

in 5μL of pHrodo dye solution and subsequently injected into our pre-vacuumed high-

throughput SDM device and incubated for 15 minutes. Finally, fluorescent imaging of the chip 

and image analysis was used to detect and classify the number of metabolically active cells. 

We spiked 50, 100, 500 and 1000 cancer cells in 5mL of healthy blood and detected a mean 

value of 25.20 ± 27.33, 73.40 ± 25.98, 375 ± 195.8 and 821 ± 429.1 metabolically active cells 

respectively. Each group was repeated 5 times to reduce the human error involved in the 

process.  

As shown in Figure 5.4C, there is a linear correlation between the number of spiked cells 

versus the number of detected cells. It is noteworthy that the number of spiked cells was 

estimated by manually counting the cell concentration of a harvested DU-145 cell batch 

serially diluted. Thus, a level of uncertainty in the number of spiked cells exists which might 

have potentially contributed to a lower number of detected cancer cells versus the spiked in 

values. Interestingly, we observed that co-trapping leukocytes with cancer cells do not affect 

the detection process, as far as the droplets are not over-concentrated with cells (i.e., more 

than 15 cells per droplet). Hence, given the rarity of cancer cells, our 38,400 pocket SDM 

device is capable of processing up to 192,000 cells in 5μL of liquid per device (Figure 5.4D). 

Given the small footprint and large capacity of our high-throughput SDM device, less efficient 

CTC enrichment approaches (e.g., leukocyte depletion-based techniques) can also be used. 

Our SDM device not only overcomes the limitations associated with CTC isolation using 

current commercial single-cell analysis platforms (ref, such as?) but also provides an 

alternative approach for the detection of metabolically active cancer cells in peripheral blood. 

Additionally, the proposed SDM device eliminates the need for skilled operators, specialised 

laboratories and expensive reagents/equipment to fractionate liquid and monitor the 

metabolic activity of individual cells. Instead, the entire operation can be conducted by 

general laboratory equipment and non-experienced technicians. Thus, we believe this is a 

crucial step towards clinical utility of static droplet microfluidic devices for monitoring 

metabolomic activity of single cells. 
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5.4.6 Pre-clinical Verification of the SDM Device utility for CTC Detection Based on 

Metabolic Activity  

Lastly, to further validate the potential of using the proposed SDM device for identifying 

highly metabolically active cancer cells in peripheral blood, the workflow was tested on 

several mammary mouse models (Figure 5.5A). Firstly, experiments were conducted on 

syngeneic 67NR and 4T1.2 models with Triple-Negative Breast Cancer (TNBC) cell lines 

orthotopically injected in Balb/c hosts. The 67NR is a non-metastatic TNBC model and thus 

was used as a negative control as no circulating cancer cells were expected to be found. 

Terminal bleeding from two 67NR tumour bearing female mice 4 weeks post-implantation 

was collected and processed as described in the materials and methods section. The image 

analysis of both samples indicated no metabolic active cells with a maximum normalised 

intensity of 2.1683, consistent with the results discussed in earlier sections. This value was 

used as the baseline and cut-off point for indicating active cancer cells. Similarly, entire blood 

from four 4T1.2 tumour bearing female mice was collected and analysed using a similar 

workflow. Interestingly, as show in Figure 5.5B, the number of metabolically active cancer 

cells found in each mouse was 1,584; 2,640; 8,448 and 6,400. Numbers were consistent with 

the high metastatic burden of the 4T1.2 model.   

To further validate the potential of detecting circulating cancer cells in cancer patients, 

terminal bleeding samples from two 12-week-old MMTV-PyMT mouse mammary tumour 

models was collected and analysed. The MMTV-PyMT mouse model spontaneously develops 

mammary tumours closely resembling the human disease [177-180]. During the analysis, 677 

and 592 metabolically active cells were found in the samples. Interestingly, the number of 

metabolically active CTCs identified with the SDM device correlated with the metastatic 

burden of each mouse model, as confirmed by the histological analysis of cross-sections of 

the lungs, underscoring the prognostic utility of this technique. 

All together, these results confirmed the potential of using our workflow for detecting 

metabolically active circulating cancer cells in blood. In future, beside the quantification of 

metabolically active cells, correlating the level of metabolomic activity with the stage and type 

of cancer can provide an opportunity for clinical integration of the proposed workflow for 

non-invasive, rapid and low-cost diagnosis and prognosis of cancer patients.  
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undertake in-depth single cell metabolomic analysis. It is noteworthy that the integration of 

machine learning or automated image analysis tools can automate the screening process and 

reduce potential human errors. Additionally, the entire workflow could be enhanced by 

integrating an all-in-one device, where CTC enrichment, trapping and metabolomic screening 

take place inside a single system which can significantly reduce labour intensiveness and 

operator errors. While the proposed device is simple-to-operate and allows for high-

throughput screening of metabolically active cells with great clinical potential, further studies 

on a large cohort of patients with different cancer types is required to completely understand 

the relationship between the number of metabolically active cells and overall survival of 

patients, treatment outcomes and disease progression. Additionally, further integration of 

other biological assays can improve the clinical significance of this method. For example, the 

incorporation of an on-chip single-cell proteomic study to analyse secretion products and/or 

on-chip detection of mutations (on-chip PCR) would allow multi-dimensional assessment of 

sample and provide a better understanding of patient’s disease conditions. 
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Chapter 6 – The Correlation of Epithelial-Mesenchymal Transition and Lactate 

Metabolism in Human Breast Cancer 

Summary 

This chapter explores the relationship between lactate secretion and epithelial-mesenchymal 

transition (EMT) state of cancer cells. While EMT state of cancer cells is one of the major steps 

in the metastasis of cancer, often cannot be used as a diagnostic approach due to its 

complexity for measurement. Herein, the potential of correlating lactate production of cancer 

cells in breast cancer patients with their EMT state was explored as a potential biomarker for 

clinical integration of this technique. This chapter was greatly impacted by COVID-19 

restrictions and thus we were not able to complete all the experiments and there will ongoing 

work to finalise and publish this chapter. This chapter is aimed for submission to the journal 

of PNAS as a communication journal*. 

 

 

 

 

 

 

 

 

 

 

 

 

*Radfar P, Ding L, Aboulkheyr H, Warkiani ME. Rapid Fabrication of Static Droplet Microfluidic 

Devices.  
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6.1 Introduction 

Breast cancer is the most prevalent diagnosed cancer types in women globally with over 2.3 

million new cases and 685,000 deaths [181]. Breast cancer has replaced lung cancer as the 

most commonly diagnosed cancer type globally and its burden has been increasing in the past 

years [21].  Breast cancers are categorised into major subtypes based on their 

immunohistochemistry expression of classic hormones and growth factors such as oestrogen 

receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 

(HER2).  Among the subtypes, Triple-negative breast cancer (TNBC) lacks expression of the ER, 

PR and HER2, while being  significantly associated with high metastatic potential and poor 

diagnosis/prognosis [182]. TNBC is accountable for the most breast cancer-related deaths and 

given the difficulty in diagnosis and treatment of them, further research is critical to reduce 

the burden of this disease [183].  Among the hallmarks of cancer, metastasis is known to be 

the responsible for most cancer-related deaths [184].  Metastasis is the mechanism in which 

cancer spread to a part of body that is different to the primary tumour. During metastasis, 

cancer cells disseminate from the original tumour and enter the vascular system [123]. The 

cancer cells in the circulations are often known as circulating tumour cells (CTCs) which travel 

to a distant site and colonise a secondary organ and form a tumour. CTCs can travel in singular 

or cluster format and the number of CTCs in the blood of patients is known to be directly 

correlated with the stage of the cancer [185]. 

An important aspect of cancer metastasis is the Epithelial-Mesenchymal Transition (EMT) of 

cancer cells which is defined as the process of dedifferentiation of epithelial cells to 

mesenchymal cells [186]. Epithelial cells have strong cell-cell and cell-basal adherence, and 

basement membrane separates the epithelial lining from the stroma and connective tissues. 

On the other hand, mesenchymal cells lack cell-cell adhesion and have a fibroblast-like 

morphology [187]. For cancer cells to spread, the EMT can be activated in the epithelial cancer 

cells and cause them to downregulate adhesion junctions, acquire invasive properties and 

develop metastatic growth characteristics [188].     

Furthermore, cancer cells are known to be metabolically more active than normal human 

cells. In 1920s, Otto Warburg was first to discover the increased lactate production of cancer 

cells as a result of increased glycolysis which results in the acidification of the tumour 

microenvironment [189]. However, lactate is not only a waste product of glycolysis and 
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recently studies have found that lactate can be a major energy fuel for oxidative tumour cells 

and act as nutrient source [190]. Additionally, lactate molecules play a crucial role as a 

signalling agent in cancer progression and metastasis by promoting migration, immune 

escape and angiogenesis [191-193]. 

Although there is a growing interest in studying lactate metabolism of cancer cells, the 

concept of lactate metabolism in metastatic transformation and particularly EMT remains 

unexplored [188]. In this work, we performed an In Silico study on breast cancer cell lines and 

patient genomic data to understand the correlation between lactate metabolism and 

epithelial/mesenchymal state of the cells. Furthermore, an in-depth single cell metabolic 

study was performed on EMT induced MCF-7 cells and showed a correlation between EMT 

and lactate production. Lastly, we elaborated on the potential to use lactate as a biomarker 

for assessing cells to indicate their metastatic potential, EMT status and invasion ability. 

6.2 Results and Discussion 

6.2.1 In Silico Studies  

In order to perform a preliminary study and understand the relationship between breast 

cancer cell line, an In Silico study was conducted on 7 lactate related gene of SLC16A2, 

SLC16A3, SLC16A4, SLC16A7, SLC16A1, LDHB and LDHA across over 40 breast cancer cell lines 

(Figure 7.1A). Furthermore, the EMT score of each breast cancer cell line is compared to 

understand the epithelial or mesenchymal status of the cells. As illustrated in the chart, cell 

lines with high mesenchymal score also highly express lactate production related genes. In 

the next step, the 7 lactate related genes were analysed and given a Gene Set Enrichment 

Score (GSVA) across four subtypes of breast cancer. As shown in Figure 6.1B, the expression 

of the 7 related gene is directly related to the aggressiveness of the cancer – e.g., Basal type 

of cancer has the highest GSVA score. Furthermore, in Figure 6.1C, the hallmark of oestrogen 

response across early and late stages of the breast cancer compared with the hallmark of the 

EMT. Based on the analysed results and the enrichment scores, cells that have an oestrogen 

early and late response pathway also express a high level of lactate production related genes. 

In other words, from Figure 7.1A, B and C, are illustrating the lactate association with EMT, 

distribution across cancer cell types and lactate pathways are enriched with aggressive cancer 

types. Moreover, Figure 7.1D illustrates the GSVA score of the lactate associated genes is 

directly correlated with EMT pathway.  



   
 

118 
 

To further explore the correlations of lactate production related genes with breast cancer 

type, single cell genomic data were analysed in Figure 7.1E. The single cell analysis genomic 

data were evaluated against PAM50 genes, breast cancer subtypes, expression of LDHA and 

LDHB (leading lactate production related genes). The result indicates the subpopulation cells 

that are Basal (more aggressive based on Figure 6.1B), are also from a triple negative breast 

cancer nature with higher expression of LDHA and LDHB. Lastly, the correlation of 

mesenchymal state of breast cancer cells with expression of LDHA and LDHB was analysed 

and a positive correlation is shown in the Figure 6.2A and B. 
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7 lactate related genes and perform a Gene Set Enrichment Score (GSVA Score) across four subtypes of breast cancers. C) Hallmark of oestrogen response 

across early and late stages of breast cancer compared with the hallmark of epithelial-mesenchymal transition. D) GSVA score of the lactate associated genes 

with EMT pathway. E) Single cell genomic data analysed based on different classification of PAM50, cancer type, expression of LDHA and LDHB.
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monitored over three days and compared with the control group. Interestingly, there is a clear 

correlation between the time of EMT induction versus their lactate production suggesting 

potential of using lactate production as a biomarker for understanding the state of a disease. 
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6.3 Conclusion and Future Works 

In this paper, the correlation between EMT state of breast cancer cells and their lactate 

production were studied. Firstly, through an in-silico study, we analysed over 7 lactate related 

gene expressions across cell lines and breast cancer types and compared it with their EMT 

state. Furthermore, a static droplet microfluidic device was deployed to metabolically study 

MCF-7 cells at single-cell resolution as a non-metastatic and epithelial breast cancer cell line. 

The studies confirmed the correlation between EMT state and the level of lactate production.  

Despite the interesting preliminary results obtained in this project, there is a need for 

considerable amount of experiment prior to drawing any conclusions. The future works 

include further in-depth study of different breast cancer types, different EMT inducing and 

inhibiting approaches, molecular and metabolic study of cells undergoing EMT. Furthermore, 

a study on large cohort of patients with different subtype of breast cancer, metastatic and 

non-metastatic profiles. By conducting the abovementioned studies, the lactate production 

could potentially be considered as a key biomarker for understanding the patient’s disease 

state and even treatment outcomes.   
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Chapter 7 - Conclusion and Future Work 

In this thesis, microfluidic tools were developed to characterise and analyse circulating 

tumour cells (CTCs) at single cell resolution with a focus for clinical implementation of them 

via reducing the need for specialised equipment or skilled operators. Firstly, methods for 

rapid prototyping and microfabrication of static droplet microfluidic devices were developed 

which was used to fabricate a device for single-cell molecular studies of CTCs using common 

laboratory equipment. Static droplet microfluidic device was to fractionate the blood sample 

post enrichment and isolate single cells inside 20nL droplets. By leveraging the temporary 

bonding of the device, rapid freezing of the sample and peeling off the device, the tiny 

droplets containing single cancer cells were recovered and transferred to for molecular 

studies using a handheld pipette. Furthermore, a detailed study on cancer cell metabolism 

was conducted to understand the potential of utilising lactate production level as a biomarker 

to distinguish cancer cells from the peripheral blood cells. Although measuring lactate of 

single CTCs at bulk is not possible, the miniaturisation effect of droplet microfluidics was 

utilised to precisely measure the lactate production of each cell using a pH sensitive 

fluorescent dye. It was successfully shown that CTCs produce significantly higher level of 

lactate resulting in rapid acidification of the 125pL droplet environment. The cancer cell 

activity was clearly shown to be distinguishable from peripheral blood cells and the workflow 

was further validated using spiked cells in healthy human blood as well as preclinical 

mammary mouse models. Moreover, further abilities to study oestrogen deprivation of MCF-

7 cells were explored and shown the capability of the device on different use cases for 

diagnosis and prognosis of cancer patients. In line with the static droplet microfluidic device 

for analysis of thousands of droplets simultaneously, a MATLAB based program was 

developed to automate the droplet analysis process and more importantly eliminate room 

for human errors. Additionally, given the ability to precisely characterise the lactate 

production of cancer cells, an in-depth study was conducted to understand the correlation of 

lactate production and epithelial mesenchymal transition (EMT) state of cells. An In Silico 

study was conducted and shown the correlation of expression of 7 lactate production related 

genes with EMT score of various breast cancer cell lines and cancer subtypes. Lastly, a 

preliminary in vivo study was conducted on EMT induced MCF-7 cells and the lactate 

production was measured at single cell resolution using a high throughput static droplet 
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microfluidic device. The results are indicating a direct correlation between mesenchymal 

state of the cells with higher lactate production. This potentially could be further studied for 

implementation as a biomarker for understanding patient disease state.  

In overall, multiple microfluidic devices/tools were developed to study single CTCs based on 

their phenotype, molecular and metabolic profile. While each device provides a range of 

benefits for potential clinical utilisation, further research must be carried out to validate and 

ensure the broad applications of the potential devices. First and foremost, samples from large 

cohort of patients across different cancer type must be tested with a clear overall aim/goal 

on targeting specific genes, studying metabolic activity of different cancer cell types and 

correlating those with cancer patients and their treatment outcomes. Furthermore, linking 

the patient disease state with number of CTCs, CTC EMT score, lactate production level and 

expression of specific genes based on the cancer type can provide crucial knowledge on 

potential clinical integration of the device. Moreover, the proposed devices offer a simple 

workflow in terms of operations. However, analysis of the droplets including the image taking 

process requires improvement prior to clinical utility of the devices. Thus, automation of the 

process such as integration of the image analysis program with the microscopes software to 

automatically image the chip and analyse the results in one step, would be critical for clinical 

integration of these devices. Lastly, most of the concept proposed in this thesis were 

introduced for the first time and further engineering optimisation would also be beneficial for 

improvement of the sample handling and minimise the sample loss. To provide a summary, 

Figure 7.1 provides an overview of potential future works that could be conducted as the next 

step for clinical integration of single-cell devices for assessing circulating tumour cells (CTCs) 

of cancer patients. Briefly, improvement of CTC isolation devices to isolate and characterise 

CTC cluster would be a vital step forward. Additionally, clinical integration of single-cell 

imaging and analysis techniques to accommodate for CTC cluster is one of the key steps to 

further expand the potential of assessing patient’s disease state. These techniques can be 

combined with biological tools such as droplet digital PCR, single-cell RNA sequencing, digital 

spatial profiling (for CTC clusters) and in-depth bioinformatic analysis with potentials for 

leveraging artificial intelligence.   



–

sequencing and digital spatial profiling can be used to assess these CTC clusters to provide additional insight on patients’ 
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